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The aqueous humour may be considered to be a, an ultra-filtrate of 
plasma in thermodjmamic equilibrium with it; h, a secretion of the cells 
of the epithelial Iming of the eye, or c, a fluid which owes its origin to an 
initial filtration process, but whose composition is modified by the secre- 
tion into, or the absorption from it of certain constituents. The experi- 
mental evidence in relation to these theories has been discussed at length 
by Davson and Quilliam (1940) and by Duke-Elder, Quilliam and Davson 
(1940) and it was suggested that the last named hj’^pothesis was most con- 
sistent with the facts, especially in view of the divergence of the experi- 
mentally determined distribution of chloride between the aqueous humour 
and plasma (Hodgson, 1938) and of the osmotic pressures of the two fluids 
(Benham, Duke-Elder and Hodgson, 1938; Roepke and Hetherington, 
1940) from those required on the basis of thermodjmamic equilibrium. 
This equilibrium demands a distribution ratio, Ra = [Cl]seruin/[Cl]Aqueous 
equal to 0.96 (Van Slyke, 1926) whereas Hodgson reported an average 
value for dogs of 0.92^, and it might be thought that sodium chloride is 
being secreted into the aqueous humour so that the chloride concentration 
is greater in this fluid than the equilibrium demands. In this case the 
distribution of sodium should also be divergent from theory; however 
Davson (1939) has sho\vn by methods accurate to within 1 in 500 that in 
the cat the mean distribution ratio, Rnr = [Na]serum/[Na]Aqueous is 1.03, 
i.e., close to the theoretical one of 1.04, and that the mean chloride dis- 
tribution ratio was 0.945, and therefore not so divergent as in the dog. 

In the present work the distribution of sodium has been examined in 
the dog (a more suitable experimental animal than the cat since it is pos- 
sible to remove eye fluids with only local anesthesia) ; further, the distribu- 

^ Hodgson does not report the protein contents of his sera, so that we have cal- 
culated this ratio on the assumption of a mean value of 7 per cent. 
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tion of cUoride has been investigated under several experimental condi- 
tions, and finally the ability, or otherwise, of the eye membranes to exclude 
inulin, injected into the blood, from penetrating the e3'-e fluid has been 
tested. These last experiments were carried out to see whether it is likely 
that these membranes can have anj'- effective secretory activit}’’. Inulin 
has a molecular weight of 5000, and being a polysaccharide has a large 
number of water-soluble groups in it, and may consequently be expected 
to diffuse through a membrane, if at all, by way of the inter-cellular spaces. 
If these spaces are large enough to permit its passage through them, it is 
very unlikely that the cells constituting the epithelial lining of the eye 
would be able to secrete substances into the eye at rates great enough to 
maintain appreciable concentration gradients over a period of time, owing 
to the rapidity with which the secreted substances would escape back to 
the blood stream through these large inter-cellular spaces.- 

Exberimental. In the studies on sodium distribution the aqueous 
humour was drawn from the cocainised eye without other anesthesia; the 
blood was drawn by puncture of the femoral vein. During the studies on 
the chloride distribution and inulin penetration it was found that essen- 
tially similar results were obtained Avith and without general anesthesia, 
so generally the dog was given sodium amytal intravenously. In the 
studies on the penetration of inulin, the concentration of this substance 
in the blood was raised to about 100 mgm. per cent by a single venous 
injection of 10 per cent inulin in isotonic NaCl, and then maintained at 
about that level by continuous intravenous injection wth the same solu- 
tion. The chemical methods for the determination of sodium and chloride 
were those described earlier (Davson, 1939); mulin was determined by 
estimating the total reducing value bj'’ the Hagedorn- Jensen (1923) method 
before and after hydrolysis with 0.1 N H2SO4. Excellent reproducibility 
(within the titration error of 2 per cent) was obtained bj’' this method on 
samples of 0.2 ml. of fluid. 

Results. Distribution of sodium. In table 1 the concenti'ations of 
sodium, expressed in millimoles per kflogram HoO, in the serum and aque- 
ous humour of ten separate dogs are sho\\m, gi'v’ing a mean value of Rno 
of 1.0-i, in excellent agreement ■with the theoretical value deduced bj^ Van 
Slj'ke (1926) on the basis of an average base-binding power of plasma 
proteins. We maj’’ conclude from these results that the distribution of 
chloride, described bj’ Hodgson, is not due to the secretion of extra sodium 
chloride into a filtrate of blood plasma, since if this occurred the value of 
Rjja would be 1.00 or less. 

Distribution of chloride. Preliminary experiments confirmed Hodgson’s 
observation that the value of Rci was less than 0.96 (the mean of 21 of 

- Uc arc indcljlccl to Prof. F. R. Winlon of University College, London, for sug- 
gesting this mode of approach. 
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the experiments carried out during this work gave a value of 0.93), and a 
variet 3 - of experiments have been performed to determine whether the re- 
sult is an artifact of the experimental procedure; the detailed description 
of nianj^ of the results would be tedious, so some will be merely indicated. 

a. The discrepant ratio is not due to the instillation of cocaine hydro- 
chloride into the ej’^e, since no difference in the concentrations of chloride 
in the aqueous humours of the two ej’^es of a dog was observed when only 
one Q.yQ was instilled with cocaine. 

h. The discrepant ratio is not due to transient variations in the blood 
chloride, since experiments in which the blood chloride was followed for 
several hours before the removal of the aqueous humour showed only small 

TABLE 1 


Comparison of the concentrations of sodiitm in blood scru7n and aqueous humour of dogs 


rxrERIMEKT 

BERUM 

AQtJEOtlS 

HUMOUR 

PER CENT 
SOLIDS IN 
SERUM 

SERUM 

AQUEOUS 

HUMOUR 

^Na 


miXHmalsIkom. 

viillimols/lcgm. 


miltimoh/kgm. 

HtO 

mxllimols/kgm. 

mo 


1 

140.2 

145.9 

S.5 

153.1 

147.3 

1.040 

2 

141.4 

144.1 1 

6.9 

151.8 1 

145.5 

1.045 

3 

134.1 

130.5 

6.4 

143.2 

137.8 

1.040 

4 

141.4 

145.7 

9.0 

155.3 

147.2 

1.055 

5 

139.5 1 

147.6 

8.0 

151.7 

149.1 

1.020 

G 

139.7 

144.7 

9.0 

153.6 

146.2 

1.050 

7 

137.4 

140.7 

6.5 

147.0 

142.1 

1.035 

8 

137.7 

142.5 

8.9 

151.1 

144.0 

1.050 

9 

139.7 

144.5 

' 7.4 

150.9 

146.0 

1.035 

10 

139.1 

144.1 

8.6 

152.3 

145.5 

1.045 


— 




0.003 



variations, and these showed no definite trend from one experiment to 
another. 

c. The discrepant ratio is not due to the metabplic activity of the lens, 
since the removal of this body from the eye and subsequent determination 
of the chloride ratios in the two eyes separately gave, with some animals, 
identical chloride ratios in the two eyes The results of these experiments, 
in which the chloride ratios were followed as long as three months after 
the removal of the lens, are shown in table 2, and it may be seen that in 
experiment 1, after three months the concentration of chloride was the 
same in both eyes; similarly in experiment 2 after two months. In general 
the impression was gained that during the first month the concentration 
of chloride in the aphakic eye was less than in the normal (expts. 1, 2 and 3) 
but that the concentrations tended to become equal later. 












4 


HUGH DAVSON A2H> CHARLES BEECHER 'tt'ELD 


The effect of 'paracentesis. After removal of the aqueous humour the 
eye refills rapidly, so that within 15 minutes sufficient of the new fluid 
can be draum out and subjected to analysis. This fluid, unlike the normal 
aqueous humour, contains appreciable amounts of protein (a maximal 
concentration of 2 per cent was observed) which, however, soon disappears, 
so that within 8 hours the fluid is quite clear. If the aqueous humour is 
formed initially as a filtrate from plasma, and only subsequently subjected 
to secretory actunty, the fluid reformed immediately after paracentesis 
may be expected to have a value of Rci characteristic of a filtrate of plasma, 
whilst the fluid withdrawn later, say within 12 hours, may be expected 
to have resumed its characteristic distribution ratio. In the following 

TABLE 2 


The effect of removal of the lens on the distribution of chloride between the blood and 

aqueous humour 




TIME AFTER REMOVAL OF LENS 

EXPERIMENT 

NUMBER 

FLUID 

1 month 

2 months 

3 months 



Concentration of chloride (mmols./kgm . H*0) 

1 

Normal aqueous 

128.5 

127.5 

127.5 


Aphakic aqueous 

127.0 

126.0 

127.5 


Serum 

123.0 

118.5 

120.0 

2 i 

Normal aqueous 

131.5 

122.5 

129.5 


Aphakic aqueous 

127.0 

125.5 

131.0 


Serum 

120.5 

120.5 

122.5 

3 

Normal aqueous 

129.5 

126.0 



Aphakic aqueous 

126.5 

126.0 



Serum 

124.5 

119.0 


4 

Normal aqueous 


127.5 



Aphakic aqueous 


129.0 



Serum 


119.0 



experiments aqueous humour was withdravm from one eye, and at periods 
varying from 15 minutes to 24 hours the refilled aqueous humour and the 
normal humour from the other eye were vdthdra'wn, together with a sample 
of the blood. The concentrations of chloride in the two fluids are shown 
in table 3, where the values of Rci for each ayo. are also shown. The e.x- 
perhnents were all carried out on separate dogs. The table shows that 
within 15 minutes the value of Rci for the refilled eye is considerably 
greater than that for the normal ejm (0.96 in comparison with 0.925); 
within eight hours the concentration of chloride in the two e 5 'cs is equal.® 

’ It may be argued that the presence of protein in the aqueous humour 7 >cr sc 
would increase the value of Rci - however it is unlikely that it would produce the Large 
cfTccts observed, and it is found that the effect on the .sodium ratio is small. 
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Permeability to inulin. In these experiments the concentration of inulin 
in the blood Avas maintained at around 100 mgm. per cent for several 
hours and the aqueous humour was withdravm from the two eyes at differ- 
ent intervals. In table 4 the results of a typical experiment are shoAvn. 
(Normal plasma and aqueous humour invariably show an increase in the 


TABLE 3 

The effect of paracentesis on the distribution of chloride between the blood and aqueoxis 

Immour of dogs 


TIME AFTER PARACENTESIS 

EYE 

AQUEOUS 
HUMOUR 1 

CriLORlDB 
CONCN. i 

SERUM CHLO- 
RIDE CONCN. 

Rci 

15 minutes 

Normal 

mmoh./kgm. 

HzO 

126.0 

mmols. /kgm. 
HzO 

116.5 

0.925 


Refilled 

121.5 

1 

0.960 

2 hours 

Normal 

128.5 

118.5 

0.920 


Refilled 

126.0 

0.940 

3 hours 

Normal 

126.0 

118.5 

0.940 


Refilled 

124.0 ! 

0.955 

5 hours 

Normal 


120.0 

0.925 


Refilled 


0.935 

8 hours 

Normal 

127.0 

115.4 

0.910 


Refilled 

127.0 

0.910 


TABLE 4 

Changes in the reducing value, expressed as milligrams glucose per cent, of aqueous 
humour after injection of inulin into the dog 


INTEnVAI. BETWEEN IST 
INJECTION OF INiriilN AND 
WITHDIIAWAE OF FLUID 

FLUID 

REDUCING 

VALUE 

BEFORE 

nVDROLy- 

SIS 

REDUCING 

VALUE 

AFTER 

HYDROLY- 

SIS 

REDUCING 
VALUE 
AFTER 
HYDROLY- 
SIS COR- 
RECTED 

INULIN 

3 hours 

Left aqueous 

95.5 

105.5 

98.5 

3.0 

6 hours 

Right aqueous 

91.5 

102.0 

95.0 

3.5 

30 minutes 

Blood serum 

117.5 

260.0 

253.0 

135.5 

3 hours 

Blood serum 

107.0 

190.0 

187.0 

80.0 

6 hours 

Blood serum 

107.0 

228.0 

221.0 

114.0 


reducing value after hydrolysis, generallj'- of the order of 7 mgm. glucose 
per cent, and the values obtained have been corrected for this, as is sho^vn 
in the table.) The table shows a small increase in the reducing value 
after hydrolysis in the aqueous humour, but since this is hardly greater in 
the six hour specimen than in the three hour one, it is unlikely that it can 
be ascribed to the penetration of inulin into the eye. 
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Discussion. The results on the distribution of chloride between the 
aqueous humour and serum suggest that the aqueous humour is not formed 
b}’^ passive filtration alone, because the ratio is too low, having a mean 
value in 21 experiments of 0.930 ± 0.006 (Standard Error). The rapid 
refilling of the eye after paracentesis, and the appearance of appreciable 
quantities of protein in the reformed fluid, suggest that in this case the 
reformed aqueous humour is simply a filtrate; such a view is supported by 
the observation that the chloride ratio in the fluid withdrawn 15 minutes 
after paracentesis is close to that required b}’’ the Donnan Equilibrium. 
The presence of protein in the reformed aqueous humour suggests that the 
rapid fall in intra-ocular pressure associated with paracentesis causes a 
stretching of the membranes separating the plasma from the eye fluids, 
increasing their inter-cellular spaces and thereby allowing some proteins 
to penetrate. (It may be mentioned here that inulin penetrates the eye 
rapidly after paracentesis.) In these circumstances it is to be expected 
that any secretory activity of the epithelium will be completely masked, 
owing to the large leaks in the inter-cellular spaces. With the repak of 
the leaks, which apparently occurs rapidly, the secretory activity may 
become effective and the chloride concentration attain its normal value 
in respect to that of plasma. 

The fact that inulin does not penetrate the eye, although present in the 
plasma for as long as six hours, certainly suggests that one of the mem- 
branes, interposed between the capfllary endothelium and the aqueous 
humour, is considerably more selective than the capillary endothelium it- 
self, and this membrane is probably the epithelial lining of the vascularised 
structures of the eye, namely, the iris, ciliary body and choroid. The 
permeability of such complex membranes has been discussed by Chambers 
(1940) who has shoivn that their selectivity in regard to water soluble 
substances like sugars is largely determined by the packing of the indmdual 
cells and the nature of the inter-cellular cement. The impermeability of 
the eye membrane to inulin differentiates the latter from the capillary 
endothelium which is freely permeable to this substance. The further 
differentiation between the more closely packed intestinal epithelium type 
of membrane and the still more closely packed one characterised by the 
kidnej’- tubular epithelium awaits further studies along the lines of the 
inulin experiments described here. 

In conclusion we may state that although the buUc of the evidence re- 
garding the nature of the aqueous humour suggests that it is formed simplj'’ 
as a passive filtrate from plasma, and consequently that the intra-ocular 
pressure will be determined largely by the simple physical factors of col- 
loid osmotic pressure of the plasma and hydrostatic capillary pressure, 
other emdence suggests that super-imposed on this primar}’’ process of fil- 
tration there is a certain selective activity on the part of the cellular lining 
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of the eye. "V^Hiether or not tliis has any obvious functional significance 
in regard to the maintenance of the intra-ocular pressure cannot yet be 
decided; the fact that the extra chloride in the aqueous humour is not 
accompanied by extra sodium (potassium and calcium are also ruled out 
by the Avork of Da\’^son, Duke-Elder and Benham, 1936, and of Stary and 
Winternitz, 1932) suggests that it is compensated by a deficiency of some 
other anion or alternative!}'- that there is an excess of some organic cation 
in the aqueous humour. 


SUMMARY 

The distribution of sodium and chloride betAveen the aqueous humour 
and blood plasma of dogs has been investigated under normal and experi- 
mental conditions and it has been concluded that although filtration rep- 
resents the primar}'- process in aqueous humour formation, super-imposed 
on this process there is eAudence of some secretion. It has been shoAAm 
that inulin cannot pass from the blood into the eye. 
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It was fii’st demonstrated Houssaj^ and Potick (1) and Benedetto 
(2) that the administration of anterior pituitarj’- extracts to normal or 
hypophysectomized animals inhibits the hypoglj’^cemic action of subse- 
quently injected insulin. These findings have since been substantiated 
by different investigators. Young (3, 4) has investigated the anti-insulin 
action of various anterior pituitary preparations and proposed the term 
“glycotropic” for this effect. He found that the pituitar}’’ substance which 
inhibits the h 3 ’’pogl 3 'cemic action of insulin was different from prolactin, 
the gl 3 ’-cotropic factor, and the gonadotropic hormones. Jensen and 
Grattan (5) reported the results of studies in normal mice indicating that 
the anti-insulin^ effect of the anterior pituitary maj’^ be attributed to the 
adrenocorticotropic principle of that gland and that the effect is mediated 
through the adrenal cortex. Grattan and Jensen (6) have demonstrated 
that apparentlj'^ onlj^ those principles of the adrenal cortex substituted in 
ring 3 (keto- or Itydrox^'^ group) exert this effect. This finding is in agree- 
ment with the observations of various other investigators (7, 8, 9, 10), 
that apparently only those adrenal cortical principles, which contain cither 
a keto- or hj-^dimj^ group at Cu, exert a significant influence on carbohj'- 
drate metabolism. Grattan and Jensen (6) suggested that the anti-insulin 
response produced bj’^ the adrenocorticotropic hormone and the corti- 
costerone-like compounds is probably due to the ability of these substances 
to promote the formation of liver glj'cogen. Hartman and his associates 
(11) have likewise concluded that the increased resistance to insulin of 
normal fasted mice after cortin injections is apparentl}'^ due to gluco- 
neogencsis, since both the blood .sugar and liver gb’^cogen are elevated. 

^ The term “aiiti-insulin’' as employed bj' us refers only to the ability of a sub- 
stance to counteract the hj'poglycemia subsequent upon the injection of insulin into 
an animal. One has to distinguish between specific and unspecific effects. The un- 
specific effects will be discussed in another paper. 

S 
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The anti-insulin response elicited by certain adrenocortical principles in 
normal mice maj'- be used as an index of the adequacy of their effect on 
carbohydi-ate metabolism. 

The object of this study was to extend the observations on normal ani- 
mals by determining the effect of the adrenocorticotropic pituitary factor 
and of corticosterone on insulin hj^poglycemia and liver glj’-cogen in 
adrenalectomized mice under similar experimental conditions as previousl}’' 
employed (5, 6). 


TABLE 1 

Anti-insulin tests in normal and adrenalectomized mice 
The corticosterone acetate was administered in peanut oil, 0.2 cc. containing 0.5 
mgm. of the steroid; the adrenocorticotropic preparation was injected in aqueous 
solution of pH = 7.5, 0.5 cc. containing 5.0 mgm. of the hormone, all injections sub- 
cutaneously. 


PREPARATIOK INJECTED 

CONDITION OF AKIMAES 

• 

INSULIN DOSE 
PER KILO 

TOTAL 
NUM- 
BER OF 
ANI- 
MALS 

NUM- 
BER OF 
CON- 
VUL- 
SIONS 

PER 

CENT 

CON- 

VUL- 

SIONS 

Controls* 

Intact 

1 

units 

1.5 or 2.0 

202 

179 

89 

5.0 mgm, adrenocortico- 
tropic* 

Intact 

1.5 or 2.0 

128 

21 

16 

0.5 mgm. corticosterone 
acetate*! 

Intact 

1.5 

13 

0 

0 

Controls 

Adrenalectomized 

0.4 

33 

30 

90 

5.0 mgm. adrenocortico- 
tropic}; 

Adrenalectomized 

0.4 

16 

14 

88 

0.5 mgm. corticosterone 
acetatef 

Adrenalectomized 

0.4 

16 

2 

13 


* These values were taken from table 1 of a previous publication (6). 
t Supplied by Dr. E. C. Kendall. 

t Same preparation as used in previous experiments (5, 6). 


Experimental. Male mice weigliing from 20 to 25 grams were adrenal- 
ectomized approximateh'^ 6 daj’^s before the experiments. During the post- 
operative period, the}’’ were maintained on a daily subcutaneous injection 
of 0.1 mgm. desoxycorticosterone acetate in 0.1 cc. of peanut oil and 
received 0.9 per cent sodium chloride in their drinking water. 

Anti-insulin test. The procedure followed in determining the anti- 
insulin effect of the two hormones was the same as that previouslj'' em- 
ployed bj’- Jensen and Grattan (5) except for the following changes: 1. 
Due to the greater insulin-sensitivity of adrenalectomized mice, 0.4 unit 
of insulin per kilo was found to be sufficient to produce a high percentage 
of convulsions, this dose represents one-fifth of the insulin dose emploj’^ed 
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in the studies in normal mice (2 units per kilo). 2. Before the 6 hour test 
period, aU animals received then daity maintenance dose of desoxj^corti- 
costerone acetate. 3. Controls for the corticosterone tests received peanut 
oil. J^. During the 6- hour fast, the animals had access to 0.9 per cent 
sodium chloride in their drinking water. 

The anti-insulin response of the two substances in adrenalectomized 
mice is recorded in table 1. 


TABLE 2 


Effect of 'pituitary adrenocorticotropic hormone and of corticosterone acetate on liver 
glycogen of normal and adrenalectomized mice 


The corticosterone acetate was administered in peanut oil, 0.2 cc. containing 0.5 
mgm. of the steroid; the adrenocorticotropic preparation was injected in aqueous 
solution of pH = 7.5, 0,5 cc. containing 5.0 mgm. of the hormone, all injections 
subcutaneously. 


PREPAll.\TION IKJECTED 


Controls* 

5.0 mgm. adrenocortico- 
tropic* 

0.5 mgm. corticosterone 

acetate*! 

Controls 

5.0 mgm. adrenocortico- 
tropic! 

0.5 mgm. corticosterone 

acetate! 


Kmi- 

BER 

OF 

ANI' 

MALS 

CONDITIOK OF ANIMALS 

72 

Intact 

2S 

Intact 

28 

Intact 

21 

Adrenalectomized 

25 

.A.drenaleclomized 

12 

Adrenalectomized 


AVER- 

AGB 

WEIGHT 
or ANI- 
MAL AT 
ONSET 

or fast 

AVER- 

AGE 

WEIGHT 

LOSS 

PER 

ANIMAL 

DURING 

FAST 

AVER- 

AGE 

LIVER 

WEIGHT 

PER 

animal 

LIVER 
, GLYCO- 
GEN 

grams j 

grams 

grams 

mgm. 

percent 

19.9 

0.90 

1.18 

616 

20.3 

0.23 

1.32 

2,346 

19.7 

1.07 

1.19 

2,127 

1 

20.9 

0.67 

1.28 

440 

21.5 

0.21 

1.34 

305 

21.8 

0.85 

1.47 

3,415 


* These values were taken from table 2 of a previous publication (6). 
! Supplied by Dr. B. C. Kendall. 

t Same preparation as used in previous experiments (5, 6). 


Effect on liver gl'ycogen. It has been found by Grattan and Jensen (6) 
that the adrenocorticotropic hormone as well as corticosterone and chem- 
ically related compounds greatlj”^ increase the liver glj'^cogen of normal mice 
during a six hour fast, while desoxycorticosteronc failed to do so. Both 
adrenocorticotropic hormone and corticosterone acetate were tested for 
their effect on liver gljmogen in adi’enalectomized mice according to the 
procedure employed by Grattan and Jensen (6). The animals received 
the same preliminary treatment as in the anti-insulin tests. The effective- 
ness of the two preparations in promoting the deposition of liver glycogen 
in adrenalectomized mice is illustrated in table 2. 
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Discussion. From the data presented in tables 1 and 2 it is evident 
that the adrenocorticotropic factor of the anterior pituitary'- did not exert 
an3'- anti-insuhn effect and also failed to promote the formation of hver 
gtycogen in adrenalectomized mice. In normal mice a positive response 
has been observed as previous^ reported ( 6 ). Corticosterone exerted a 
pronounced anti-insulin response and also markedl}’^ increased the deposi- 
tion of liver glycogen under identical experimental conditions. These 
findings are in agreement with our assumption that the anti-insulin effect 
of the anterior pituitaiy is mediated thi-ough the adrenal cortex and in- 
hibits insulin h^’^pogl^’^cemia b3'^ promoting the formation of liver glycogen. 
They do not exclude, however, the possibilit3^ that other pituitar3^ prin- 
ciples may modify insulin resistance and other phases of carboltydrate 
metabolism. 


SUMMARY 

It has been found that the adrenocorticotropic factor of the anterior 
pituitary failed to produce an anti-insuhn effect and to promote the deposi- 
tion of liver glycogen in adrenalectomized mice. On the other hand, 
administration of corticosterone was found to protect adrenalectomized 
mice against insulin hypogl3’-cemia and to increase the amount of liver 
glycogen under the same experimental conditions. These results confirm 
our assumption that the anti-insulin effect of the anterior pituitar3’' is 
produced by the adrenocorticotropic factor and is mediated through the 
adrenal cortex. 

We wish to express our appreciation to Dr. E. C. Kendall of the Mayo 
Clinic for kindly suppbdng us with ciystalline corticosterone acetate. 
We are also indebted to Dr. E. Schwenk of the Sobering Corporation for 
suppling us vith synthetic desoxycorticosterone acetate. 
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Adequate lactation in the adrenalectomized animal can be maintained 
if certain types of adrenal extract are used (1). In 1933 Brownell, Lock- 
wood and Hartman (2) showed that such an extract could be di\dded into 
two fractions, one which maintained an adrenalectomized mother rat in 
good condition but would not support lactation, while the other supported 
lactation but had little influence on the maintenance of an adrenalectom- 
ized animal. The active factor in the latter fraction was named corti- 
lactin. 

The effectiveness of cortilactin does not appear to be limited to the rat. 
Thorn and Hartman (3) obtained positive effects with it in the human 
being. 

We have been able to separate cortilactin from whole adrenal tissue by 
iso-electric precipitation. We have also showm that cortilactin bears no 
relation to gluconeogenesis. 

Methods. Preparation of cortilactin. We started either with the lipid 
precipitate obtained as a by-product in the making of ordinaiy adrenal 
extract (4) or with adrenal tissue. In the first instance the glands were 
extracted ^vith 95 per cent ethyl alcohol. The alcoholic extract was con- 
centrated to xV volmne. The resulting concentrate was extracted Mth 
ethyl ether, the aqueous residue being discarded. The ether solution was 
concentrated to small volume and the residue taken up in 70 per cent alco- 
hol. On chilling this solution to — 12°C. a lipid precipitate was thrown 
down. This is the lipid precipitate mentioned above. It is dissolved at 
room temperature in alkaline (pH 10) 70 per cent alcohol. 

Wlien cortilactin was prepared directly from the glands, they were 
extracted first with alkaline (pH 10) 70 per cent ethyl alcohol. This 
method is preferable because separation of cortilactin from the lipid pre- 
cipitate may be difficult on account of emulsification. 

From either alkaline 70 per cent alcoholic solution, cortilactin was sepa- 
rated according to the method of Riddle, Bates and Dykshorn (5) by iso- 
electric precipitation in 86 per cent alcohol at a pH 5.8. The precipitate 

^ Aided bj' grants from The National Research Council Committee on Research 
in Endocrinology and the Comly Fund of The Ohio State Universitj'. 

12 



LACTATION FACTOR OP THE ADRENAL 


13 


was dissolved in water or saline for administration. Potency was increased 
by reprecipitation. 

Methods for the preparation of adrenal extract, cortin and sodium fac- 
tor arc described elsewhere (6). 

The prolactin was dissolved in saline. The desoxycorticosterone was 
dissolved in 5 per cent propylene glycol saline solution. 

Lactation assay. Pigeon. The pigeon crop gland response is most satis- 
factoiy for the assaj’' of cortilactin because of the limited amount of ma- 
terial needed and the relatively short time required. Certain featm-es of 
the assay methods of Riddle and Braucher (7) and of Lyons (8) have been 
combined for this test. The subjects were one month old squabs. The 
injections were made tvdee dail 3 '- into the pectoral muscle for four days. 
On the fifth daj'" the crop was removed, freed from adhering fat, washed and 
dried at 105°C. for seven houis. An increase in weight over normal con- 
trol values was a measure of the effect. 

Rat. Adrenal preparations jiroven potent by the pigeon assay were 
tested for their ability to support lactation in the adrenalectomized rat. 
These animals were maintained on the special diet Avhich Daggs (9) used 
in his lactation studies. Young pregnant rats were adrenalectomized one 
to five days before term, after which thej'’ were maintained in good condi- 
tion by adrenal extract. Only those animals which produced a normal 
litter were used. At Ijirth the number of pups was reduced to six. The 
first se^'enteen days 'post partum give a direct measure of milk secretion (9), 
therefore the observations were not extended be 3 mnd this period. 

Rai test for gluconeogenesis. The gluconeogenetic power of cortilactin 
was tested in the rat (10). Twelve young males of about 150 gi’ams in 
weight were fasted for 24 hours. Every hour for the last seven hours of 
the fast four of these animals were injected subcutaneously with 1.3 mgm. 
of cortilactin (second iso-electric precipitate) in 1 cc. of physiological sa- 
line. At the eighth hour of the fast tlie extract was given intraperitoneally. 
A second four were injected with equal quantities of physiological saline. 
At each injection, the third four were given 0.06 mgm. of corticosterone in 
1 cc. of 5 per cent propylene glycol in physiological saline. One hour after 
the last injection the animals were anesthetized with nembutal and the 
livers rapidly excised and dropped into 30 per cent potassium hydroxide. 
Liver glycogen was determined by the method of Good, Kramer and 
Somogyi (11). 

Results. Pigeon crop response. Controls. The birds varied from 250 
to 470 grams in weight. The dry crop did not necessaril 3 »- parallel the body 
weight. Groups of normal birds were run with each test. 

The dry crop weights of 36 normal birds ranged from 0.39 to 0.87 gi’am 
vdth an average of 0.61 gi'am. 

Prolactin. Purified prolactin in doses of ^ to 1 mgm. (1 mgm. contained 
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6 Riddle units) daily gave definite enlargement of the crop. Comparison 
of the effects of various preparations is shown in figure 1. 

Adrenal preparaiio7is. A few birds were tested with unfractionated or 
whole adrenal extract, extract containing cortin, extract containing sodium 
factor and desoxycorticosterone. All were negative. Figure 1 shows the 
doses employed. 

The first precipitate prepared from the 70 per cent alcoholic direct ex- 
traction of the adrenal tissue (called '‘glands” in fig.) was somewhat 
better than the first precipitate (called "lipid” in fig.) prepared from the 
lipid by-product of ordinary extract preparation. The potency was 
doubled by iso-electric reprecipitation (called “second” in fig.). 


6M. 

2.0 , 
1.8 * • 
l£ 
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Fig. 1. Pigeon crop gland (dry weight) response to various preparations. The 
20 mgm. dose made from glands was from the first iso-electric precipitation. The 
9-12 mgm. dose was from the second iso-electric precipitation. 

According to the pigeon test the best cortilactin preparation possessed 
about one-tenth of the potency of purified prolactin. 

Rat lactation response. Controls. In order to ascertain the effect of the 
special diet on the grouffh of young during lactation, twenty-six normal 
female rats were placed on the test diet after they had become pregnant. 
On the day of partui’ition the number in each litter was reduced as indi- 
cated. The weights of the mother and litter were determined daily for 
17 days. The average change in the weight of the mother was -f-8 per 
cent, ranging from —2 to 4-23 per cent. All young survived. The aver- 
age birth weight of the individual pup was 5.3 grams ranging from 4.1 to 
6.3 grams. At 17 days the average weight of the individual pup was 29.2 
grams ranging from 22.5 to 34.6 grams. 

Effect of adrenal preparations. Seven pregnant rats were adrenalec- 
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tomizcd just before parturition. They were injected twice daily with 
enough unfractionated extract (containing 8 c.u. of cortin) to maintain 
the mother in good condition. Four litters died, while deaths in the other 
litters reduced the total survival to 31 per cent. The aA’-erage weight of 
the surviving pups on the seventeenth day was 17.1 grams. 

Four adrenalectomizcd pregnant rats were treated as above, except that 
they were given double the first dose of unfractionated extract. The 
survival of the pups was 76 per cent with an average weight per individual 
of 20.9 gi'ams at 17 daj^s. 

Six adi’enalectomized pregnant rats were given treble the first dose of 
unfractionated extract. In this case the survival of the pups was 87 per 
cent with an average individual pup weight of 21.2 grams at 17 days. 

Adrenal extract is particularly effective in the rat when administered 
orally (12). Therefore, the following experiment was tried. Three ad- 
renalectomized pregnant rats were injected daily with 8 c.u. of unfrac- 
tionated extract and in addition were given about 3 c.u. daily of unfrac- 
tionated extract in their drinking water. Although the survival of the 
pups was 100 per cent, the average weight of the indhddual pup at 17 days 
was 17.3 grams which is far short of normal (fig. 2). 

Addition of corlilactin fractions. Nine pregnant females were adrenalec- 
tomized and treated with a maintenance dose of unfractionated adrenal 
extract (8 c.u. of cortin daily). In addition they were injected daily with 
10 mgm. of the first iso-clectric precipitate (curve “cortilactin I” in 
fig. 2). The survival of the pups was 88 per cent as compared to 28 
per cent in those pups whoso mothers received no. cortilactin. The aver- 
age weight of the individual pup at 17 days, however, was only 17.3 grams. 

Five adrenalectomized pregnant rats rvere injected with unfractionated 
extract containing 8 c.u. of cortin, given 3 c.u. of cortin orally and in- 
jected with 1 mgm. of the second iso-electric precipitate daily (curve “cor- 
tilactin II” in fig. 2). The survival of pups was 100 per cent while the 
average weight of the individual pup at 17 days was 28.26 grams ranging 
from 26.0 to 33.0 grams. This indicates complete replacement therapjL 

The average growth curve of surviving pups is shown in figure 2. How- 
ever as each animal died, one le.ss was included in the average so that a 
curve from litters vdth a small percentage survival does not give a true 
picture of lactation effects. 

In those litters where the survival was not 100 per cent, the time and 
amount of reduction follow: Treatment vdth unfractionated extract (8 
c.u.) — 1st day, 81 per cent; 2nd day, 79 per cent; 3rd day, 71 per cent; 
5th day, 69 per cent; 8th day, 67 per cent; 10th day, 5,7 per cent; 11th day 
53 per cent; 12th daj’’, 43 per cent; 13th day, 41 per cent; 14th day, 33 per 
cent; 15th day, 31 per cent. Treatment -with unfractionated extract (16 
c.u.) — 1st day, 96 per cent; 2nd day, 79 per cent; 6th day, 75 per cent. 
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Treatment with unfractionated extract (24 c.u.) — 1st day, 97 per cent; 
3rd day, 94 per cent; 4th day, 86 per cent. Treatment with unfractionated 
extract (8 c.u.) and cortilactin (cortilactin I) — 1st day, 93 per cent; 2nd 
day, 91 per cent; 9th day, 88 per cent. 

Increase in the amount of extract over that required to maintain the 
mother added to the number of pups survmng, but the weight of the indi- 
vidual pup remained low. Oral therapy supplement further increased 



Fig. 2. Growth curves of young rats based on average age of individual pups. 
All injections subcutaneous except where indicated. The cortin assay is indicated 
as cat units in the chart. Rats treated wdth “cortilactin I” were also given daily 
subcutaneous injections of unfractionated extract containing 8 c.u. of cortin. Rats 
treated with “cortilactin 11” were given Eubcutaneouslj% unfractionated extract 
containing 8 c.u. of cortin and orally, unfractionated extract containing 3 c.u. of 
cortin. 

survival to 100 per cent vdth no change in pup weight. The addition of 
the second precipitate (cortilactin II) raised the pup weight to normal. 

Effect of cortilactin on gluconeogenesis. Four cortilactin injected rats 
showed an average of 0!04 per cent liver glycogen, the values ranging 
from 0.01 to 0.07 per cent. The liver glycogen of the four saline controls 
averaged 0.16 per cent with a range of 0.06 to 0.30 per cent, while that of 
the four corticosterone controls averaged 4.18 per cent ranging from 3.55 
to 5.96 per cent. 
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Discussion. Carr’s (13) failure to support lactation in adrenalecto- 
mized rats by means of adrenal extract prepared by Swingle and Pfiffner’s 
method may have been due to inadequate dosage. Later work of Svdngle 
and Pfiffner (1) showed that their preparation maintained adequate lacta- 
tion in the dog. Therefore dosage or species difference must have been 
the explanation. 

The “unfractionated adrenal extract” which we used to maintain the 
adrenalectomized mother rats contained both cortin and sodium factor 
but little or no cortilactin. 

Our cortilactin preparations were made from whole adi’enal glands. 
Therefore whether cortilactin was present in either cortex or medulla or 
both was not indicated. However the preparations of Brownell, Lock- 
wood and Hartman (2) were made entirely from dissected cortex. Cor- 
tex must, therefore, be a source of cortilactin. Our normal animals showed 
much better survival than did those of Brownell et al. (2). This was due 
to a better diet and to reduction of the number in the litter to six. 

Gaunt and Tobin (14) found that a dosage of extract twice that neces- 
sary to maintain adrenalectomized mother rats was adequate for survival 
and gi'owth of the pups. However they reduced their litters to four in- 
stead of six animals. 

The iso-electric precipitation method of Riddle, Bates and Dykshorn 
(5) has yielded lactogenic substances from liver, blood and urine according 
to Ehrhardt and Toiler (15) and Cunningham et al. (16). 

The observation that cortilactin will stimulate crop gland formation and 
that it can be prepared by the same method used for prolactin, raises the 
question as to whether they are identical. This is answered by Gaunt and 
Tobin (14) who found that prolactin had no effect on lactation in the ad- 
renalectomized rat. 

We have no suggestion to offer as to the mode of action of cortilactin. 
It apparently has notliing to do with gluconeogenesis. 

We wish to thank Dr. Oliver Kamm of Parke, Davis and Company for 
adrenal glands, Mr. H. W. Rhodehamel of Eli Lilly and Company for 
prolactin and Dr. R. D. Shaner of Roche-Organon Incorporated for 
desoxycorticosterone. 


SUMMARY 

A lactation factor has been prepared from the adrenal by iso-electric 
precipitation. The pigeon crop gland response was used for its assay. 
The best cortilactin pi’eparation possessed about one-tenth of the potency 
of purified prolactin when tested by the crop gland method. The daily 
injection of 1 mgm. of the cortilactin preparation into an adrenalectomized 
rat maintained on cortin enabled her to lactate normally. The pup sur- 
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vival was 100 per cent and their average weight was normal. Cortilactin 
plays no r61e in gluconeogenesis. 
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Studies on the blood of chickens infected with cecal coccidiosis show a 
marked increase in the blood sugar. The initial rise is manifest at the 
beginning of the fifth da}’- at which time the internal hemorrhage due to the 
disease also begins. As the bleeding becomes more profuse, the blood 
sugar value continues to rise until the seventh da}’- of infection when the 
disease has run its course. The loss of blood has been indicated by Pratt 
(1940) to be responsible for the blood sugar increase during the hemorrhagic 
phase of the disease. The author (1941), in attempting to replace the 
deficient constituents of the circulating fluid with concentrated physiolog- 
ical saline, obtained a lower blood sugar level than ordinarily present during 
coccidiosis. This presented the possibility that the increased blood sugar 
value during an infection might be in some way related with the chlorides 
of the blood. 

An experiment was undertaken to study the relationship of the sugar 
and chloride and the changes brought about by coccidiosis: 1, the blood 
chlorides and sugars were determined before and during the course of an 
infection; 2, sugar and chloride determinations were made following arti- 
ficial hemorrhage and these results were compared with those of coccidial 
bleeding; 3, gum acacia solution was injected in order to replace the blood 
volume which was lost during artificial bleeding and the resulting chloride 
values were observed; 4, tissue chloride determinations were obtained from 
normal and infected animals. 

Materials and methods. The experimental animals were Single Comb 
White Leghorn chickens furnished by the Department of Poultry Hus- 
bandry of the University of Wisconsin. The chicks, obtained when one 
day old, were kept free of infection in sterilized cages and given the feed 
and care described by Herrick, Ott and Holmes (1936). The chickens were 

1 Assistance -was received from the personnel of the Works Projects Adnainistra- 
tion. Official Project no. 65-1-53-2349. 

Published with the permission of the Director of the Wisconsin Agricultural 
Experiment Station. 
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infected orally, by means of a pipette, with about 1 cc. of a pure culture of 
Enneria tenella containing approximately 200,000 viable coccidia oocysts. 
The birds were off-feed 19 hours preceding all determinations in order to 
obtain a basal level from which to measure the changes due to the disease. 
This procedure was necessarj’- to remove the fluctuations brought about by 
ad libitum feeding. 

The blood and tissue chloride determinations were carried out according 
to the procedure of Van Slyke (1923). The chloride concentrations have 
been expressed in the terms of NaCl. The blood sugar values were deter- 
mined colorimetricallj’- b}”^ the Folin-Wu method (1920) with an Evelyn 
photoelectric colorimeter. The blood samples were obtained in all cases 
by cardiac puncture. The animals Avere not anesthetized and no anti- 
coagulants Avere used since the blood Avas tested as soon as it AA^as draAAm. 
The tissue samples Avere taken in duplicate and triplicate from the right 
and left pectoral muscles. 

The gum acacia Avhich Avas used for transfusions Avas a sodium chloride- 
free preparation made by Lill 3 ^ The gum acacia AA^as made up to a 6 per 
cent solution bj-- diluting Avith distilled Avater. The chloride-free com- 
pound was used so that the effect of the transfusion could be judged by the 
changes in the chloride value. Transfusions AA^ere made directly into the 
heart Avath a syringe. 

Experiments. 1. Blood chloride and. sugar changes during cecal coc- 
cidiosis. The animals used in this experiment Avere divided into tAA^o 
groups; one Avas infected, the other Avas not and served as a control. The 
chloride Amlues of both AA^ere obtained before oocysts AA’^ere administered 
and then again on the 4th, 5th, 6th and 7th days folIoAving infection. 
According to the data of table 1, the cliickens before infections collectively 
averaged 472 mgm. of sodium chloride per 100 cc. of blood. On the fourth 
day the infected group averaged 465 mgm., and on the 5th day AA'as also 
slightly loAA'er than the preinfection Amlue, A rise AA^as manifested on the 
6th day and continued upAAmrd to 550 mgm. on the 7th day of the infection. 
The Amlues of the uninfected controls remained fairty close to the preinfec- 
tion IcA'cl of 472 mgm. The chlorides of these animals averaged 465, 407, 
454 and 478 mgm. from the 4th through the 7th day respectively. At this 
time, coccidiosis had effected an aAmrage rise of 86 mgm. in tAA'o days. 

To ascertain whether any relationship existed betAveen this rise in the 
chlorides and that of the blood sugars during coccidiosis, the tAVO AA'^erc 
graphed. The chlorides of the above experiment Averc compared Avith the 
blood sugars of a typical case of coccidiosis. The blood sugar values are 
from the author’s (1941) previous experiment. Before infection the 
average sugar content of the blood aa’us 175 mgm. per 100 cc. of blood. 
The A’alues from the 4tli through the 7th day sIioaa’ a definite rise as folloAA's; 
185, 23G, 259 and 251 mgm. per 100 cc., an average increase of 76 mgm. 
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When the blood chlorides were graphed against the blood sugars, it was 
apparent that the increase in the chlorides occurred at least a day following 
that of the sugar. The sugar of the blood showed a definite ascent by the 
5th day, reached a pealc on the 6th day, and then began to taper off. 
The clilorides remained fairly close to the control value until the 6th day, 
when a significant increase was noted, and then continued their rise 
through the 7th day. It appeared that the mechanism operative in 
producing the -rise allowed for a lag of a day for the chlorides in comparison 
with that of the sugars. 


TABLE 1 

Effect of coccidia on blood chlorides 


CHICKEN NTJMDER 

BEFORE 1 

INFECTION 

1 

! 

DAYS AFTER INFECTION (RESULTS IN MOM. OP NsCl 

PER 100 cc. OP blood) 

4th 

6th 

6th 

7th 

Infected 






1 

485 

437 

454 

500 

558 

2 

434 

460 

449 

446 

536 

3 

482 

482 

467 

460 

549 

4 

487 

470 

464 

536 

Dead 

6 

477 

474 

487 

512 

556 

Uninfected 






6 

457 

455 

447 

454 

477 

7 

460 

460 

469 

444 

502 

8 

477 

483 

482 

422 

437 

9 

482 

459 

469 

464 

483 

10 

477 

469 

467 

485 

492 

R6sum6 






Infected 

473 

465 

464 

491 

550 

Uninfected 

471 

465 

467 

454 

478 


2. Blood chloride and sugar changes follounng artificial hemorrhage. The 
second phase of the experiment concerned the chloride changes that 
occurred following artificial hemorrhage. By such a procedure Pratt 
(1940) was able to obtain a rise in the blood sugar similar to that produced 
by an infection of coccidia. This portion of the work was undertaken to 
determine whether this type of bleeding would promote a rise in the 
chlorides in the same way as an infection. 

The hemorrhage was produced by withdrawing the blood by direct 
cardiac puncture. Thirteen chickens of various ages and weights were 
tested by this procedure. The amount of blood which was taken varied 
according to the size of the bird and the quantity which could be removed 
by one puncture without distressing the animal. The average volume that 
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BLOOD sugar and CHLORIDE CH/)NG-ES DUR/N& CECAL COCC/D/OS/5 


TABLE 2 


Effect of artificial bleeding on blood sxigar and chloride 


NUMBEU 

VEIGHT 

AftfOUNT 

BLED 

BLOOD CHLOBIDE 

BLOOD 

sugar 

Before 

After 

Before 

After 


cm. 

CC. 


mgm. per WO cc. of blood 


1 

1330 

39 

478 

519 

180 

245 

2 

1420 

37 

462 . 

486 

162 

239 

3 

15S0 

38 

478 

503 

181 

259 

4 

1420 

42 

453 

528 

173 

259 

5 

1490 

32 

511 

543 

195 

261 

4* 

873 

23 

442 

528 

199 

244 

5* 

790 

25 

497 

543 

198 

247 

G 

1290 

30 

503 

536 

168 

228 

7 

740 

25 

486 

557 

196 

240 

s 

838 

25 

478 

561 

192 

246 

9 

840 

15 

483 

519 

207 

225 

10 

. 881 

24 

445 

536 

186 

268 

11 

&S6 

23 

453 

536 

182 

260 

Avcraf;o 

474 

530 

186 

248 


* Tested two months previous. 


BLOOD CHL OR/DE 
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was withdi'awn was 28 cc.^ the miniDium 15 cc., and the maximiim was 42 
cc. The chloride content was determined at the time of bleeding and three 
hours later. The difference between the two was considered .as due to the 
removal of blood. Blood sugar determinations were also made at the 
same time. 

The data from table -2^. show that with bleeding the sodium chloride con- 
tent increased from an average of 474 to 530 mgm. per 100 cc. of blood, an 
average rise of 56 mgm. This change compared favorably with the 72 
mgm. increase obtained ivith an infection of coccidia (see table 1). At the 
same time the- blood sugar level was in line with that of an infection, as 
graphed above,- TJie results tended to indicate that the rises were due to 
the loss of blood in both cases: • ^ • 

An examination of two of the birds (nos. 4 and 5) indicated the constancy 
of the results which were obtained. These two chickens had been tested 
two months previously: In regard to no. 4, the chlorides increased at the 
initial bleeding from 453 to 528 mgm. Two months later, the determina- 
tions were 442 mgm. befbre and 528 mgm. after bleeding: Results of fairly 
similar uniformity were' also obtained for the blood sugars. ; 

3. Blood chloride level following artificial hemoirhage and gum acacia 
injection. It was apparent that the rise in blood chloride and blood sugar 
brought about by an infection of coccidiosis could be simulated by artificial 
hemorrhage. To further emphasize that this rise in the chlorides ivith 
artificial bleeding and with infection Was due to loss of blood, an experiment 
was set up to replace the deficient volume in ■ artificially bled animals. In a 
previous experiment, the author had attempted such a procedure by feed- 
ing concentrated physiological saline solution to infected animals. This 
was accomplished when the birds drank excessively of water and showed a 
lowered blood sugar level. It was thought that tliis was dpci to excess 
water intake and blood volume dilution. In this experiment, the deficient 
volume was replaced directly by 6 per cent sodium chloride-free gum acacia. 

These animals were bled bj’' a single direct cardiac puncture and the blood 
withdrawn within 10 seconds or less. Immediately thereafter, in some 
cases without removal of the needle, the gum acacia was injected into the 
heart. About two-thirds of the volume of blood that had been withdrawn 
was replaced by the injection of the 6 per cent gum acacia solution. Six 
chickens were so treated and the results recorded in table 3. 

The data indicated that when the gum acacia injections were giv^n after 
excessive bleeding, no rise in the blood chlorides occurred. No , changes 
were noted after a three hour period, or even after 24 hours had elapsed. 
The average chloride content of the blood was 481 mgm. before and after 
the bleeding -with gum acacia treatment. The individual differences at 
the two bleedings were also very close. 

4. Tissue chlorides of infected and normal chickens. It . was apparent 
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from the previous experiments that there was a rise in the blood chlorides 
with artificial bleeding as well as with coccidia hemorrhage. There is no 
single salt depot in the body upon which the chicken ma}'- draw to raise 
this chloride content. The onlj-- probable source of chloride which is 
available is that of the tissue. With this in mind, an experiment was 
conducted to determine the tissue chlorides of normal and infected animals. 
The methods for tissue chlorides are known to be unreliable and so deter- 

TABLE 3 


Six per cent sodhan chloride-free gum acacia after mechanical bleeding 


NUilBEIl 

WEIGHT ! 

AMOtJNT ! 

BLED 

amt ACACIA 

BLOOD CHLORIDES (RESULTS IN MOM. 

PER 100 CC. OF blood) 




Before 

After 

24 hours later 


mOM 

cc. 

cc. 




1 


28 

18 

479 

477 

477 

2 

mmm 

25 

16 

464 

472 

464 

3 


30 

20 

479 

477 

472 

4 

mmm 

30 

20 

483 

470 

470 

5 

■BH 

18 

1 12 

496 

495 


6 

800 1 

23 

! 16 

487 

495 


Average 

481 

481 

472 




TABLE 4 


Effect of coccidiosis on tissue chloride 


DAT or ^^TECTrOK 

DETE RaiIKATION'8 

DAILY AVERAGE 

average 



mpm. per tOO 
crams tissue 

mgm* 

Infected 




5 

28 

46.24 


6 

24 

47.18 


7 

26 

46.51 

46.62 

Uninfected — control 




5 

26 

49.33 


6 

28 

51.53 


< 

21 

51.03 

50.62 


minations were made in duplicate and triplicate for each animal. The 
uninfected controls averaged 50.62 mgm. of sodium chloride per 100 grams 
of tissue. A down-trend was evident in the infected birds on the 5th, 6th 
and 7th day after infection. The average values for these throe days were 
as follows: 46.24, 47.18 and 46.51 mgm. 

Discu-ssion. One of the most notable changes in the blood of chickens 
following coccidia hemorrhage is the rise in the blood chlorid(!S. An in- 
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crease of almost the same magnitude is apparent when the chickens are 
artificially bled. There is at present no obvious evidence of a salt deposit 
upon which the body can draw to account for the above increased blood 
chlorides. The drop in the chloride content of the tissue during an infec- 
tion indicates that the increase in the chlorides of the blood may be derived 
from the tissue. Starling (1909) stated that after artificial hemorrhage 
there may be a passage of water and salts from the extra-vascular fluids 
into the blood vessels. 

This influx of salts and water into the blood maintains the circulatory 
volume. Does this increase in chlorides also help to maintain the osmotic 
pressure of the blood, which according to preliminary determinations re- 
mains relatively constant following both types of hemorrhage? The 
results of injecting 6 per cent sodium chloride-free gum acacia solution also 
seems to point in this direction. This solution not only replaces the lost 
volume but also maintains the osmotic pressure by taking the place of the 
plasma proteins which were lost by bleeding. Bayliss (1920) indicated 
this b 3 f showing the expediency of injecting gum-saline rather than saline 
after hemorrhage in an attempt to maintain blood volume and blood pi'es- 
sure. In this experiment there was no rise in the blood chlorides after 
hemorrhage and gum acacia injection indicating, at least, that when the 
osmotic pressure of the blood was maintained by some other medium, the 
chlorides did not rise. 

The increase in the chlorides with artificial hemorrhage and with cocci- 
diosis parallels the work of Pratt (1940) with blood sugar. He showed that 
extensive cardiac hemorrhage artificially produced in normal chickens 
caused a rise in the blood sugar of the same degree as that caused by 
coccidiosis. He attributed this hyperglycemia to the muscle and perhaps 
liver glycogen. To account for the blood chloride increase of this experi- 
ment, a decrease in the tissue chloride has been indicated. Although the 
drop in the tissue chloride was onlj’^ 4 mgm. per 100 grams of tissue, the 
amount which was lost by the animal tissues as a whole was quite large and 
could account for at least a good share of the chloride rise of the blood. 

CONCLUSIONS 

1. There is an increase of the blood chloride on the 6th and 7th day of an 
infection of cecal coccidiosis in chickens. 

2. The rise in the blood sugar, due to coccidiosis, is apparent on the 5th 
day, a day prior to the rise of the chlorides. 

3. Ai’tificial hemorrhage produces an increase in the blood chloride and 
sugar approximate to that brought about by bleeding from coccidiosis. 

4. The chloride content of the blood is maintained at the normal level 
after severe artificial hemorrhage by the injection of 6 per cent sodium 
chloride-free gum acacia solution. 
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5. The chloride content of the muscle shows a downward trend during 
coccidiosis and may account in part for the rise in the blood chloride. 

Acknowledgments are made to Drs. C. A. Herrick and W. H. McShan 
for their many helpful suggestions. 
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It has been reported that the isolated gastric mucosa of the frog will 
form acid when properly mounted in a bath consisting of two chambers 
separated by the gastric mucosa (1, 2). We have recently demonstrated 
that this in vitro production of acid represents a true secretory process on 
the part of the gastric glands (3). The present investigation is concerned 
with the response of the isolated glands to changes in then* ionic environ- 
ment. This was undertaken in order a, to determine whether glandular 
tissue resembles smooth muscular tissue in its requirements for optimum 
concentration of various ions, and 5, to determine, if possible, which ions 
might be involved in the process of acid formation in the stomach. 

Methods. The gastric mucosa of fasted frogs was dissected from the 
muscularis and mounted in the dual-chambered bath exactly as previously 
described (3). This bath consists of one chamber filled with an isotonic 
salt solution which receives the secretion, and a second chamber containing 
a nutrient solution consisting of 71.75 mM./l. of NaCl, 20.0 of NaoCOs, 
5.0 of KCl, 1.25 of CaCl 2 , 1.20 of sodium phosphate buffer (pH 7.4), 0.80 
of MgCb. Glucose was added in a concentration of 50 mgm. per cent. 
This solution was aerated with 5 per cent CO 2 and 95 per cent O 2 ; the 
secretory solution was aerated with air, mainly for purposes of stirring. 

In order to determine the effect of varying the ionic composition of the 
nutrient solution, the various ions were successively doubled in concen- 
tration and omitted entirely. The altered ion was replaced by or sub- 
stituted for an equivalent amoimt of NaCl in order to maintain isotonicity. 
When the bicarbonate ion was omitted, the nutrient solution was aerated 
with pure O 2 , and the air bubbled through the secretory solution was freed 
of CO 2 . 

The changes in the pH of the secretory solution were followed over a 
period of five hours, using a glass electrode as previously described. The 
resulting curves were compared with a series of control curves obtained 
without alteration of the nutrient solution. 

Results. The results of the various experiments are presented in the 
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, Figs. 1-4. The effect of alterations of ion concentration on the formation of acid 
by the isolated gastric mucosa of the frog. 

TABLE 1 

Averaffe, maximum, and minimum low pH values 



Minimum 2.54 3. .30 3.71 


Me 

i 

0 

1 

Omitted 

Doubled 

0 

2 

yi 

0 

#« 

0 

0 

m 

4 

4 

8 

12 

3.38 

3.68 

3.43 

3.48 

3.52 

4.07 

4.60 

4.58 

3.21 

3.21 

2.87 

1.40 





















GASTRIC SECRETION IN VITRO AND INORGANIC IONS 


29 


figures and the table. In the former, the average pH curves over the 
five hour period are shown for each type of experiment; in the Ikter, the 
average, together with the maximal and minimal values for the lowest pH 
attained in the individual trials for each type of experiment are shown. 

In the eleven control experiments the curve reached an average low 
level of pH 2.9 at the end of five hours. In the individual trials the low 
point ranged from 3.22 to 2.54. The degree of uniformity that is encoun- 
tered in this type of experiment is indicated by the close similarity between 
these eleven entirely new and the eight previously published control 
curves (3). 

"VSTien the calcium ion was entirely omitted from the nutrient solution, 
the pH fell more slowl}'’, did not fall as far, and began to rise again before 
the conclusion of the five hour period. A similar, but more marked, in- 
terference with acid formation occurred when the calcium concentration 
was doubled. 

In the case of the K ion, its omission seriously interfered with secretion, 
whereas doubling its concentration produced less extensive inhibition. 
Alteration in either dkection of the Mg ion concentration produced mild 
inhibitory effects which consisted mainly of delajdng the onset of se- 
cretion. 

The ions whose absence appeared to have the least injurious action were 
found to be PO4 and HCO3, the two ions which are generally considered 
to be involved in the formation of HCl by the gastric glands. The lowest 
pH which has so far been recorded, namely, 1.49, occurred in the absence 
of the HCO3 ion. 

Discussion. Variations in the ionic composition of the artificial bath 
affect the in vitro secretion of acid by the gastric glands of the frog. In 
this respect the mucosa is most sensitive to variations in Ca ion, less so 
to K ion, still less to Mg ion, and scarcely at all to PO4 and HCO3 ions. 
With the single exception of the HCO3 ion, this series is identical with 
that demonstrated by Van Dyke and Hastings (4) to hold for uterine 
smooth muscle in vitro. Delrue (2) who employed the isolated gastric 
mucosa of the frog reported the following series, Ca, HCO3, K and PO4. 
His experiments, however, were performed in the late fall, so that the pH 
of the secretory solution rarely fell below 5.0. The primary importance 
of the calcium ion for gastric secretion is also indicated by reports that 
gastric secretion in vivo is inhibited by alteration in either direction of its 
concentration in the blood (5, 6, 7, 8, 9, 10). 

At first glance, the failure of the absence of PO4 ions to interfere with 
secretion in vitro appears to be contrary to Maly’s hj’-pothesis concerning 
the formation of HCl. However, since the PO4 ion is not used up in 
Maly’s reactions, a normal initial suppty maj’- serve the requirements of 
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the cell for this ion. Accordingly, the present observations neither support 
nor deny Maly’s hypothesis. 

The finding that the omission of the HCO3 ion does not interfere with 
the in vitro formation of acid is in contradiction to the generally accepted 
view. There have been a number of reports to the effect that a reduction 
in blood bicarbonate inhibits gastric secretion (11, 12, 13, 14). In most 
cases this reduction has been accomplished by hyperventilation, which can 
reduce the ionic calcium of the blood to the point of tetany. Furthermore, 
•the inhibition of secretion is difficult to demonstrate against a stimulus 
as potent as histamine (14). The use of the isolated mucosa makes it 
possible to distinguish between direct and indirect effects of various pro- 
cedures on the gastric glands, and in this case it would appear that the 
effects of reduction of the blood bicarbonate are expressed indhectly, since 
they do not occur in vitro. 

It wmuld seem unlikely that a cell wffiich requires considerable energy 
to form its secretory product should be dependent upon an external source 
of CO 2 or bicarbonate, for its owm metabolism must supply large amounts 
of this substance. It has recently been demonstrated that the mammalian 
parietal cell contains the enzjone, carbonic anhydrase, in greater concen- 
tration than the red cell (15, 16) . It is probably the function of the enzyme 
to convert carbon dioxide gas, formed within the ceil in large quantities, 
into ionizable carbonic acid, of which the H ion becomes available for the 
formation of acid, and the IICO3 ion for release to the blood stream in 
exchange for Cl ions. Accordingly, there seems to be no a “priori reason 
for believing the acid forming cells to be dependent upon an outside source 
of CO2. 


CONCLUSIONS 

1. The gastric glands of the frog in vitro resemble smooth muscle in their 
sensitivity to alteration in their ionic environment. The descending order 
of sensitivity to the various ions is as follows: Ca, K, Mg, PO4 and HCOa- 

2 . An external supplj’’ of PO4 and HCO3 ions is not necessary for the 
formation of acid by the gastric glands of the frog in vitro. 
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A knowledge of the laxative effect of bile was part of the medical lore 
of the ancient world. The modern contributions to this subject have re- 
cently been reviewed bj’- Haney, Roley and Cole (1), who conclude as a 
result of their o'wn studies on dogs with Thiry-Vella loops that the intro- 
duction of bile stimulates the motor activity of the small intestine and 
that this effect is due entirelj’- to the presence of bile salts. They further 
suggest that “bile salts may play an important r61e in the normal regula- 
tion of the propulsive movements of the small intestiae.” 

While the evidence presented by Hane 5 »^ et al. that bile salts applied to 
the mucosa of isolated loops will increase loop motility can hardly be ques- 
tioned, the role of the normal bhiary secretion in the activation of intestinal 
motility seemed to deserve further study. Peters (2) has shown that bile 
salts, in the concentration in which they occur in bile, inhibit absorption 
from the ileal loops and that this concentration is not normally present 
in the ileum. That the ileum may be in general less resistant to irritation 
than the upper small bowel is also indicated by the observations of Dennis 
(3). Haney et al. do not state the origin of the loops used by them, but 
if they were segments of ileum one maj'^ question the propriety of di’awing 
inferences concerning normal digestive tract behavior from the effects of 
undiluted bile on such loops. 

We have carried out roentgenologic studies in bile fistula dogs using 
meals containing large and small proportions of fat in order to determine 
under more physiological conditions the relationship of bile to gastrointes- 
tinal motility. 

Methods. Bile fistulae of the “internal” type were made in 8 dogs, 
using the technique of Kapsinow, Engle and Harve}" (4) (anastomosis of 
gall bladder to right renal pelvis with ligation of the common duct). The 
animals were maintained on a diet consisting of meat scrap 8, corn meal 
30, .soy bean meal 50, wheat germ 10, alfalfa leaf meal 1.5, and salt 0.5; 
the fat content of this diet is approximately 5 per cent. They received 
parenteral injections of vitamins A, D, E and K since it is known that in 
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the absence of bile the absorption of the last three of these and of carotene 
is inadequate. 

Two types of barium meals were used. No. 1, a mixed meal, was com- 
posed of 100 grams barium sulfate, 100 grams ground beef, and 100 ml. 
millc. No. 2 (fat meal) consisted of 30 grams barium sulfate, 100 ml. 
Wesson oil and 100 ml. water. Meal no. 1 was fed to 8 normal and 7 bile 
fistula dogs, and x-ray films were made 4 and 8 hours after feeding. Meal 
no. 2 was given by stomach tube to 5 normal and 7 bile fistula dogs, films 
being made at 4| and 7^ hours. 


TABLE 1 


Proportions of meal no. 1 present in variotts parts of gastrointestinal tract Jt- and 8 hotirs 

after feeding 


NORMAL DOGS 

BILE PIBTDLA DOGS 

Dog 

num- 

ber 

Stomach 

Small 

intestine 

Large intestine 

Dog 

number 

Time since 
operation 

Stomach 

Small 1 
intestine | 

Large 

intestine 


4 liours 


1 

3/6 

3/6 


IB 

2 weeks 

3/6 

1/6 

2/6 

2 

3/6 

3/6 


2B 

6 weeks 

2/6 

3/6 

1/6 

3 

4/6 

2/6 


3B 

3 months 

2/6 

4/6 


4 

4/6 

2/6 


4B 

11 months 

3/6 

3/6 


5 

3/6 

3/6 


5B 

4 months 

2/6 

2/6 

2/6 

6 

3/6 

3/6 


6B 

4 months 

2/6 

3/6 

1/6 

7 

1 

3/6 

3/6 








8 hours 


1 

2/6 

2/6 

2/6 

IB 1 


tr 

2/6 

4/6 

2 

2/6 

1/6 

3/6 

2B 



2/6 

4/6 

3 

1/6 

2/6 

3/6 

3B 


1/6 

2/6 

3/6 

4 

2/6 

1/6 

3/6 

4B 


1/6 

2/6 

3/6 

5 

1/6 

1/6 

3/6 (E) 

5B 


1/6 

2/6 

3/6 

6 

1/6 

1/6 

4/6 

6B 


1/6 

2/6 

3/6 

7 

1/6 I 

2/6 

3/6 







The dogs used as controls had in every instance been kept in the labora- 
tory on our stock diet for several weeks. 

Results. In order to compare the progress of the barium meal in the 
various animals, the proportions of the meal present in stomach, small in- 
testine, and large intestine were estimated by inspection of the x-ray films. 
For convenience, the larger amount of barium in meal no. 1 was expressed 
in sixths, and that in the smaller meal in fourths. The results are given 
in tables 1 and 2. 

We have regarded differences between the normal and bile fistula ani- 
mals as being significant only when at least 50 per cent of the bile fistula 































34 


R. R. ACKERMAN, H. CURL AND L. A. CRANDALL, JR. 


dogs showed rates of barium movement outside of the limits of variation 
found in the normal series. On this basis it may be concluded that after 
a large meal (no. 1) the stomach of the bile fistula dog empties more rapidlj'- 
and that there is earlier entry of barium into the colon (4 hr. films) . There 
is also evidence in the 8 hour films of more rapid gastric emptjdng in the 
bile fistula dogs, but the change from the normal is not definitely signifi- 
cant. 

The 4| hour films taken after the administration of the fat meal (no. 2) 
show no indubitably significant difference between normal and operated 


TABLE 2 

Proportions of fat meal (meal no. 2) remaining in various parts of gastrointestinal tract 

41 o-nd 7^ hours after feeding 


NORMAL DOGS 

j BILE FISTULA DOGS 

MEAL ALONE 

meal FLUS 3 GRAMS BILE 
SALTS 

Dog 

num- 

ber 

Stom- 

ach 

Small 

intestine 

Large 

intestine 

Dog 

num- 

ber 

Stom- 

ach 

Small 

intestine 

Large 

intestine 

Stom- 

ach 

Small 

intestine 

Largo 

intestine 


45 hours 


S 

1/4 

3/4 


IB 

! 

1/4 

3/4 

1/4 

1 1/4 

2/4 

9 

2/4 1 

1/4 

1/4 

2B 

4/4 

tr 


1/4 

2/4 

1/4 

10 

tr 

4/4 


3B 

1/4 

2/4 

1/4 

1/4 

! 3/4 


11 

2/4 

2/4 


4B 

3/4 

1/4 


2/4 

2/4 


12 

2/4 

2/4 


5B 

2/4 

2/4 


1/4 

1/4 

1/4(E) 





6B 

2/4 

2/4 


1/4 

3/4 



hours 


8 

tr 

2/4 

2/4 

IB 


tr 

4/4 

1 

tr 

4/4 

9 


1/4 

3/4 

2B 

2/4 

1/4 

1/4 

1/4 

tr 

3/4 

10 


2/4 

2/4 

3B 


1/4 

3/4 


2/4 

2/4 

11 

tr 

2/4 

1/4(E) 

4B 

3/4 

1/4 


1/4 

2/4 

1/4 

12 

1/4 

3/4 

tr 

5B 

1/4 

2/4 

1/4 

1/4 

2/4 

1/4 




; 

6B 

2/4 

2/4 

tr 

tr 

2/4 

2/4 


animals although the barium tends to remain longer in the stomach and 
to pass more rapidly through the small intestine in the latter. But in the 
Ih hour films it is apparent that gastric emptying is definiteb’' slower in 
the bile fistula dogs. The addition of 3 grams of bile salts to the fat meal 
increased gastric emptying in the bile fistula dogs so that it fell within 
normal limits. 

It should be noted that the small intestine of the bile fistula dogs con- 
tained, on the average, less barium than did that of the normal animals 
in cver\' scries of films except those taken 8 hours after meal no. 1. This 
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constant difference may indicate a greater irritability of the small bowel 
in the operated animals. 

It has been impossible to correlate the observed changes in motilit}’’ 
with post-operative time or with the general condition of the animals. 
One bile fistula dog was omitted from the series because roentgenologic 
observations indicated the presence of adhesions about the duodenum 
which accounted for a greatly increased gastric emptying time in this 
animal. 

Discussion. The increased rate of gastric emptjdng of the bile fistula 
dogs after a mixed meal was unexpected and is not easily explained. 
Fauley and Ivy (3) observed a similar decreased stomach emptying time 
after ligation of the pancreatic ducts or extirpation of the pancreas; they 
suggest that the increased appetite of their animals may be responsible, 
since it is knovm that the presence of hunger augments gastric evacuation, 
but point out that unknown factors may be concerned. Some of our bile 
fistula dogs ate well but others did not, and we can find no indication of 
any correlation between gastric evacuation and appetite in our series. 

The dela3^ed gastric emptying after a fat meal in the bile fistula dog may 
be more readily accounted for on the basis of knovm mechanisms. It 
seems probable that delayed absorption of fatty acids due to the absence 
of bile would lead to an increased formation of enterogastrone and a greater 
inhi bition of gastric motility. Decreased motilit}^ after the fat meal is 
exhibited only b}'' the stomach and not by the small intestine. The res- 
toration to normal rates by the administration of bile salts is to be expected 
on this basis. 

In general our data lend no support to the concept that bile salts are 
an important regulator of small intestinal activity. The increased mo- 
tility produced by the contact of whole bile with isolated intestinal loops 
(1) is probabty attributable to chemical irritation from concentrations of 
bile salts exceeding those present in the bowel under normal conditions. 

It is interesting to speculate on the possible relationship of the increased 
rate of gastric emptjdng in the bile fistula dogs to ulcer formation. Some 
15 per cent of these animals are known to develop peptic ulcer (0). In 
^dew of the known relationship of mechanical factors to ulcer (7), does an 
increased gastric motor drive secondary’’ to an absence of bile from the 
intestine contribute to ulcer development? 

CONCLUSIONS 

1. Bile fistula dogs given a mixed meal exhibit an increase in rate of 
gastric evacuation and of entrance of barium into the large intestme. 

2. After a fat meal, the rate of gastric emptying in the bile fistula prep- 
aration is slower than in normal dogs, possibl}’^ because of the formation 
of increased amounts of enterogastrone. 
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3. The administration of bile salts with the fat meal brings the gastric 
emptjdng time of the bile fistula dog to within normal limits. 

4. The suggestion that bile salts are an important factor in the regula- 
tion of small intestine motility is not supported b}’" our observations. 
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In an attempt to explain the absorption of chloride from the lower ileum 
which occurs against concentration gradients, Ingraham, Peters and 
Visscher (1) proposed the “fluid circuit” theory, which assumes that the 
absorption of water carries chloride out of the intestinal contents without 
changing its concentration from that in the lumen while a fluid free of 
chloride moves from the blood into the intestinal lumen. The theory has 
been supported by many experiments (1, 2). Most of these, however, 
would lose their significance if the passage of considerable amounts of 
chloride from blood to lumen could be demonsti'ated under similar condi- 
tions. The author has therefore studied the accumulation of chloride in 
initially chloride free solutions in the lower ileum under conditions du- 
plicating as closelj’’ as possible those of the prewous experiments. 

Methods. Dogs were anesthetized with sodium amytal injected intra- 
peritoneally, 65 mgm. per Icgm. In experiments 5 and 6 this was sup- 
plemented with small amounts of ether. A loop of lower ileum about 20 
inches long and about 6 niches from the cecum was isolated. A rubber 
cannula was inserted into one end of the loop and a glass cannula in the 
other. It was then rinsed out with 3 to 4 liters of isotonic NaCl at about 
37° until the washings were clear. A rubber plug, having a longitudinal 
hole neai’b'- but not quite through it for insertion of a needle, was then 
substituted for the glass cannula, and the loop was again rinsed out to 
remove traces of blood. After the rubber cannula had been closed with 
a short length of glass rod, the loop was returned to the abdominal cavity 
and allowed to rest for 30 minutes. The dog was kept warm with an 
electric lamp during the entire experiment. 

The solutions used are described in the legend for figure 1. In 6 out 
of 8 experiments they are the same as the solution of ^ isotonic Na 2 S 04 
and J isotonic NaCl used formerly (2) except that all or nearly all of the 
NaCl has been replaced by glucose, which was chosen because it is non- 
irritating and easily absorbed. At the end of the rest period 50 cc. of the 
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experimental solution at 37° yv&s injected from a S 3 U'inge into the loop 
through the rubber cannula. A hj^odermic sju’mge and needle were used 
at intervals to puncture the rubber plug and withdraw 2 cc. samples. The 
intestinal contents were gently mixed just before sampling. During all 
procedures an effort was made to avoid mechanical stimulation of the in- 
testine. Chloride concentrations were determined by the method of Van 
Slyke (3). 

Results. Chloride concentration is plotted against time in figure 1. 
In no case was a concentration greater than 0.032 per cent NaCl observed. 
Water absorption was satisfactor 3 ’^ in all experiments and averaged 28 cc. 
per hour. Active chloride absorption occurred at some tune during the 
experiment whenever sulfate was present. In the other experiments ac- 
tive chloride absorption was not demonstrated. 



Fig. 1. Accumulation of chloride in the lower ileum. The isotonic solutions used 
were as follows; for experiments 1, 2, 5 and 8, ^ isotonic and isotonic glucose; 

for experiments 3 and 4, 44/90 isotonic Na 2 S 04 , 44/90 isotonic glucose, and 1/45 
isotonic NaCl; for experiments G and 7, isotonic glucose. 

Discussion. Chloride accumulation in the lower ileum has been pre- 
viousb’- studied under different conditions. Cohnheim (4) obtained values 
ranging from 0.035 to 0.22 per cent NaCl. Frej"- (5, 6) found concentra- 
tions of from 0.03 to 0.09 per cent NaCl. In a single e.xperiment Burns 
and Visscher (7) obtained low values, but chloride concentrations during 
the first hour were not determined. 

The definitelj’^ lower rate of chloride accumulation reported here seems 
to be the result of the special conditions chosen. These include as the 
most important factors an isotonic non-irritating solution, a 30 minute 
rest period, minimal mechanical stimulation, and optimal anesthesia. 
Cobet (8) and Dennis and Visscher (9) have shown that anesthesia pro- 
motes active chloride absorption, at least in some dogs. 

The pre.“cnt studies fail to reveal anj'’ facts which would invalidate or 
weaken previous evidence for the fluid circuit theorj'. Therefore rea- 
sonable objection to the theory on the basis of accumulation experiments 
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in the literature is no longer possible. However, the experiments reported 
here do not constitute actual proof that considerable amounts of chloride 
do not pass from the blood into the intestinal lumen. It is conceivable 
that rapid absorption might prevent accumulation in spite of such transfer. 

The author (10) has recently’' developed a general fluid circuit theory'- 
which includes diffusion and secretion of chloride and osmosis. Although 
the differential equation arrived at is rather complicated, some simplifica- 
tion has resulted from the use of the variable, Ce, the effective concentra- 
tion of chloride in the fluid passing into the intestinal lumen. According 
to the theory, if the slope of the concentration-time curve, dc/dt, is nega- 
tive, Ce is less than the concentration in the loop at the time. Examina- 
tion of figure 1 will demonstrate that wherever this principle can be applied, 
Ce is less than 0.033 per cent NaCl. If we consider the earliest negative 
slopes, we find an average upper limit for Ce of 0.018 per cent NaCl. The 
use of the original simple form of the fluid circuit theory in the earlier 
experiments therefore appears to be justified. The general fluid circuit 
theory should be applied when movement of chloride into the intestinal 
lumen or osmosis is not negligible. 

SUMMARY 

Under the conditions of these experiments chloride accumulates very 
slowl}’’ in originally chloride free solutions in the lower ileum. The highest 
concentration observed was 0.032 per cent NaCl. 

The average upper limit of the effective chloride concentration of the 
fluid entering the intestinal lumen was 0.018 per cent NaCl according to 
the general fluid circuit theory. 

The results support previous experiments on the fluid circuit theory. 
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It has been well established that the administration of either dextrose, 
insulin or epinephrin to normal animals causes a decrease in the inorganic 
phosphate of the serum or whole blood (1, 2, 3, 4). It has also been shown 
that there is an increase in the hexose monophosphate content of skeletal 
muscle after insulin and epinephrin injections (1, 5). Since the concept 
was first advanced byCori (l),it has been generally assumed that the inor- 
ganic phosphate which leaves the blood under the above circumstances 
enters the muscle together with blood glucose to form the muscle hexose 
monophosphate which appears. The fact that insulin which lowers the 
blood sugar and epinephrin which raises it both cause a fall in blood in- 
organic phosphate has been explained on the basis of experiments on adre- 
nalectomized animals. In the latter, Cori found that insulin did not de- 
crease the muscle hexose monophosphate while epinephrin still produced 
its usual effect. He concluded that when insulin acts on the blood and 
muscle phosphates in the normal animal, it does so by causing a reflex 
epinephrin secretion consequent to the liypoglycemia which the insulin 
induces. 

Several authors have noted serious and liitherto unexplained objections 
to the above concepts: 

1. The administration of sugar causes a fall in blood inorganic phos- 
phate, ■ but does not change the he.xose monophosphate level in the 
muscle (1, 2). 

2. The administration of sufficient sugar simultaneously with insulin 
to avoid the reflex secretion of epinephrin due to hypoglycemia results 
in a fall in blood inorganic phosphate without a change in the muscle 
hexose monophosphate (1, 2). 

3. In adrcnalcctomized animals, in which Cori (5) found that insulin 
did not increase muscle hexose monophosphate, Ellsworth and Wein- 

’ Presented before the .tmorican Phy.siologicnl Society, April, 1941, 

’ Aided by the A. B. Knppenlieinier Fund. 
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stein (6) nevertheless reported that the serum inorganic phosphate was 
lowered to the same degree as in normal animals. 

4. Pollack et al. (7, 8), who demonstrated that glucose and insulin 
caused a fall in the serum inorganic phosphate of blood perfused through 
the isolated limbs of dogs, failed to discover any change in the hexose 
monophosphate content of the perfused muscles, 

5. In the perfused hind limbs of cats Lundsgaard (9) found that the 
active deposition of glycogen in the muscles following insulin addition, 
was accompanied by a fall in the inorganic phosphate of the perfusing 
blood. However, when glycogen deposition was accomplished by raising 
the dextrose level without the addition of insulin, no change in the blood 
inorganic phosphate occurred. 

The present work accounts for the apparent inconsistencies noted 
above, and offers a satisfactory explanation for the phosphate changes in 
blood and muscle which follow the administration of dextrose, insulin 
and epinephrin. 

Methods. The present work was done on normal, depancreatized and 
adrenalectomized dogs. The experiments with adrenalectomized ani- 
mals were done under nembutal anesthesia, the actual experiment fol- 
lowing within an hour after the removal of the adrenals. The purpose of 
this procedure W'as to obtain a preparation in wiiich no reflex secretion of 
epinephrin w'as possible but wiiich did not suffer from adrenal cortical 
insufficiency. Preliminary control experiments had showm that the an- 
esthetic used did not interfere with any of the methods of producing phos- 
phate change in normal animals. 

The amount of glucose administered thi-oughout these experiments was 
1.75 gram/kgm. body w^eight in a 30 per cent solution by vein. The 
dosage of insulin varied betw^een 0.3 and 1 unit per kgm. body w^eight 
given subcutaneously. The dose of epineplirin w^as 0.1 mgm. per kgm. 
body w^eight in a 1 : 2000 solution, subcutaneously. 

Inorganic and total acid soluble phosphates w^ere determined by the 
method of Fiske and Subbarow' adapted to the photoelectric colorim- 
eter (10). Muscle hexose monophosphate w^as determined by the method 
of Cori and Cori (11). Blood sugar estimations were made by the 
Somogyi modification of the Shaffer-Hartman method. 

Results. Table 1 summarizes our data on the changes in blood inor- 
ganic phosphate and total acid soluble phosphate following the adminis- 
tration of glucose, insulin and epinepluin respectively to 75 dogs. It may 
be seen that whatever the substance administered and regardless of the 
type of animal used, the fall in inorganic phosphate w^as not accompanied 
by a fall in total acid soluble phosphate of the blood. The latter ac- 
tually rose in most cases for reasons which w^e cannot explain. In a 
number of experiments the determination of cell volume by the hemato- 
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crit method failed to account for the change in total acid soluble phos- 
phate. Under these circumstances it is evident that one cannot explain 
the fail in inorganic phosphate by supposing that it leaves the blood to 
enter the muscle, since that' v^ould necessitate a fall in total phosphate. 
The possibility that the inorganic phosphate actuall 5 ’- goes into the muscle 
but that an equivalent or greater amount of organic phosphate enters 
the blood .simultaneously, is discounted by such work as that of Pollack 
et al. (7). He found no change in the phosphate partition of perfused 
muscle, foilomng the fall in inorganic phosphate in the perfusing blood. 
It must be concluded that an esterification of the inorganic phosphate 
occurred -witliin the blood in Pollack’s experiments, and presumably in 
ours. However, it is impossible to exclude at the present time, the pos- 

TABLE 1/ 

Milligrams per cent change in blood inorganic -phosphate (Po) and in total acid soluble 

phosphate (Pr) 


The maximum decrease in blood inorganic phosphate (Po) obtained with glucose 
in any depancreatized animal was 0.4 mgra. per cent. Hence no change in Po of this 
amount or less was considered to be significant throughout our work. 


TYPE OF 

1 GLUCOSE 

1 U;SULIN 1 

1 epinephrik 

Num- 
ber of 
dogs 

i Decrease in 
Po 

Hise 

in 

Pt 

Num- 
ber of 
dogs 

Decrease in i 
Po 

1 

Rise 
in , 
Pt ! 

1 

1 

NumJ 

ber of 
dogs 

Decrease in 
Po 1 

Kiso 

in 

Pt 

s 

w 1 

! ^ 
e5 

> 

^ 1 

... _ .i 

! 

<: 

c 

w 
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sibility of phosphate transfers between the blood and organs other than 
muscle. The crucial proof for a phosphate esterification within the red 
blood cell under the influence of insulin, would be the demonstration of 
such an effect on whole blood in vitro. A number of attempts in this 
direction have thus far met wth no success. 

Further inspection of our data in table 1 also shows that insulin caused 
a .significant fall in inorganic phosphate in all three types of animals, 
while glucose and epinephrin were effective in the normal and adrenalec- 
tomized animals but not in the depancreatized ones. It is apparent that 
the fall in inorganic phosphate occurs only in the presence of the pancreas 
or of admini.stered insulin. Since neither endogenous nor administered 
epinephrin need be present for the effect it may be supposed that the fall 
in inorganic pho.sphate which follows the injection of epinephrin into 
normal animals is a result either of a rise in the blood sugar level, which 
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would be equii’’alcnt to sugar administration, or to a reflex secretion of 
insulin consequent to the hyperglycemia. 

The fact that the change in blood phosphate following glucose, insulin 
or epinephrin administration is due to a transformation of the inorganic 
phosphate to an organic form outside the muscle, leaves unexplained the 
previously observed simultaneous change in muscle hexose monophosphate 
following insulin or epinephrin administration, and the absence of this 
effect wiien glucose is given. Table 2 summarizes simultaneous observa- 
tions on blood phosphate and muscle hexose monophosphate, and makes it 
possible to coirelate the blood and muscle effects in a satisfactoiy manner. 
It may be seen that in the absence of the adrenal glands insulin did not 
cause a rise in muscle hexose monophosphate although it produced its 

TABLE 2 


Change in inorganic phosphate (Po) and total acid soluble phosphate (Pj.) of the blood, 
and in hexose monophosphate {limP) of the muscle 


EXPEniMENTAL CONDITIONS 

DOG KGMBER 

CHANGE IN BLOOD 

I 

CHANGE IN 
MUSCLE 

Po 

Pt 

HmP* 

Depancreatized 

1 

mgm. per cent 

-0.3 

mgm. per cent 

0 

mgm. per cent 

4-9.5 

Given epinephrin 

2 

-0.1 

4-3.0 

4-10.9 

(0.1 mgm. per kgm. subcutane- 
ous) 

3 

-0.4 

0 

4-9.4 

1 

Adrenalectomized 

1 

-1.9 

0 

-0.5 

Given insulin 

2 

-1.6 

4-2.0 

-0.3 

(0.3 unit per kgm. subcutane- 
ous) 

3 

-1.2 

4-3.0 

4-0.3 


* In terms of P. • 


usual diminution in blood inorganic phosphate. However epinephrin in 
the depancreatized dog, w^hile causing no significant fall in blood inorganic 
phosphate, resulted in a definite increase in the muscle hexose monophos- 
phate. It is evident that the rise in hexose monophosphate is a result of 
epinephrin activity wdthin the muscle, according to its well known action 
in causing a breakdomi of glycogen, as demonstrated in vitro by Cori (12). 

It may also be of interest to record certain incidental findings in the 
course of tliis wmrk. 

a. The presence of the hypophysis is not necessary for the effects on 
blood phosphate. Hypophysectomized dogs exhibited significant falls 
in blood inorganic phosphate after dextrose, insulin and epinephrin ad- 
ministration respectively. The “Houssay” animal behaved like the 
depancreatized dog. 

h. The recovery from the fall in blood inorganic phosphate caused by 
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any of the thi’ee agents employed, often continued to levels significantly 
above the initial control values. Indeed this overshooting was sometimes 
gi’eater in extent than the initial decrease. This was not accompanied 
by a comparable increase in the total aeid soluble phosphate of the blood. 

c. Protamine insuhn differed from regular insuhn in that the parallelism 
between the blood sugar and phosphate curves was not maintained with 
the former. Figure 1 exemplifies tliis difference. 


Mgw3. ^ Regular Protamine 



continuous lines) in normal dogs, after regular and protamine insulin respectively, 
despite the difference in the blood sugar curves (broken lines). 

Discussion. Our results have reconciled the apparently contradictory 
pretdous evidence concerning the changes in blood and muscle phosphate 
following the administration of insulin, dextrose or epineplu'in. It is 
clear that the confusion has been due to the counter-regulatory actions of 
the endocrine glands tlirough which excessive insulin acthdty evokes a 
secretion of epinephrin and vice versa. When these actions are isolated 
by excision of the counter-regulating gland the unopposed action of the 
administered hormone can be obsenmd. 

In the normal intact animal epinephrin causes both a fall in the inor- 
ganic phosphate of the blood and a rise in the hexose monophosphate of 
the muscle. It is clear from our work that the change in the blood is not 
tlie direct result of epinephrin but is secondaiy to a reflex insulin secre- 
tion. In the absence of the panci’cas the change in blood phosphate no 
longer occurs, although the muscle effect persists. Epinephrin acts directly 
on the muscle by stimulating the breakdown of glycogen to hexose mono- 
phosphate (12). 

Insulin also causes both blood and muscle phosphate effects when ad- 
ministered to tlie normal intact animal. In this ca.se, however, tlie action 
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of insulin on blood phosphate is direct because it occurs in the absence of 
the adrenal glands. The muscle effect of insulin is indirect. It does not 
occur in the adrenalectomized animal. The responsibihty of reflexly 
secreted epincphrin for the muscle phosphate changes after insulin ad- 
ministration accounts for the absence of these changes when sufficient 
dextrose to prevent hypoglj’-cemia is administered with the insulin. 

The esterification of the blood inorganic phosphate by insulin must be 
considered in relation to the wider problem of insulin action on carbohy- 
drate metabolism. It seems reasonable to assume that this hormone 
would have similar effects in tissues other than the blood, although the 
local situation in which it acts would be expected to alter the manner in 
which its action would become manifest. Tliis conception is consistent 
with our previous conclusions as regards the action of insulin in muscle 
and liver (13, 14), to the effect that insulin catalyzes a phosphorylation 
which facilitates the entry of blood glucose into the cell or into a meta- 
bolic cycle preceding and necessary for both glycogen storage and oxida- 
tive breakdown. 


CONCLUSIONS 

1. Observations on the action of dextrose, insulin and epinephrin re- 
spectively on the blood and muscle phosphates of normal, depancreatized 
and adrenalectomized dogs, indicate that the phosphate changes in blood 
and muscle are not directly related to each other. 

2. The fall in blood inorganic phosphate is due to insulin. It is not 
reflected in a change in the total phosphate content of the blood, and is 
probably due to an esterification of the inorganic phosphate outside the 
muscle. 

3. The rise in the hexose monophosphate content of the muscle is due 
to epinephrin, and results from the breakdown of muscle glycogen. 

4. The usual observation of phosphate changes in both blood and muscle 
after the administration of either insulin or epinephrin to the intact nor- 
mal animal is due to the reflex evocation of the secretion of one gland by 
the effects of the hormone of the other gland. 

5. The action of insulin in esterifying blood inorganic phosphate, is 
considered in relation to the general action of insuhn on carbohydrate 
metabolism. 

We wish to acknowledge the contributions to this work of Drs. JM. D. 
AUweiss, H. Falk and L. Linn, in the several years during which this paper 
slowly evolved. 
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Clotting-lime (C.T.) can be a true measure of thrombin (and prothrom- 
bin) only when standardization of the test conditions includes the most 
rigid control of all inhibitory processes. In view of the gl•o^ving importance 
of clinical “prothrombin” tests (15, 16) sevei’al recent publications from 
this laboratory (5, 7, 10) have sought to extend the experimental basis for a 
re^dsed outlook on clot-inliibitory mechanisms. The present communica- 
tion deals with the role of antiproihromhins (13), their occurrence in various 
clotting systems (including plasma), and the extent to which they may 
interfere with the interpretation of “prothi’ombin” assays. 

Prothrombin assay technic. Since we are concerned particularly vdth the 
isolated first phase of clotting, the method of Quick (15) is not immediately 
under discussion. Our technic rather resembles the two-stage method of 
Warner, Brinkhous and Smith (16) except that we are chiefly interested in 
the underlying principles, development of which goes back to the thrombin 
assays of Fischer (4) and of Eagle (3). The essential feature of the present 
study is the use of a reference series of thrombin dilutions prepared in each 
case from the particular prothi-ombin being studied. This affords a means 
of controlling both known and doubtful variables and ensures that the 
clotting-time variations do have the quantitative significance attributed to 
them upon analysis of the experimental data. 

Reagents. Routine throughout these investigations are the use of physiological 
saline (0.9 per cent NaCl) for all solutions and dilutions, and adjustment of the pH 
of all reagents to 7.5 with the aid of dilute acid (N/10 acetic) or alkali (N/10 NaOH) 
and the glass electrode. 

The method of preparing prothrombin, by Howell’s acetone method, from cell-free 
citrated dog plasma has been detailed previously (8). The Ca salt is N/10 CaClj. 
The thromboplastin is a saline emulsion (decanted or filtered) of frozen dog brain. 

The fibrinogen is made from Berkefeld-filtered citrated dog plasma wliich has stood 
for several days in the ice-box. A saline solution (pH = 7.5) of the thrice precipi- 
tated [(NH 4 ) 2 S 04 ] protein, when tested Avith CaCL and thromboplastin, shows only 
traces of clot after many hours, indicating the absence of all but a vestige of pro- 
thrombin. 

Through the courtesy of Dr. C. H. Best, we have been supplied with purified 
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heparin from the Connaught Laboratories; 1 mgm. = 110 Toronto units. A 1:1000 
stock solution is made in saline, and the pH adjusted to 7.5. 

A crude plasma albumin is made by precipitating the plasma proteins between 
50 and 100 per cent saturation with ammonium sulfate, dialysing away excess of 
salt, and obtaining a final solution in 0.9 per cent NaCl at pH = 7.5. 

Tests. Incubation of thrombic mixtures at less than lO^C. favors stability and 
lengthens the activation period to the advantage of kinetic study. The clotting- 
tests proper are made by adding a measured volume of thrombic mixture, 0.5 cc., 
to fibrinogen, 1.0 cc., plus diluent or inhibitor (2nd-phase control), usually 0.5 cc., 
at 38°C. Clotting is timed from the first appearance of fibrin strands, assisted, in 
the prolonged clottings, by gentle agitation of the small (11 mm. diameter) tubes, 
held in a tilting rack in the thermostatically-controlled water bath. Test conditions 
are uniform with respect to volumes, temperature, pH, salt and fibrinogen concen- 
tration, and each thrombin is tested for stability by repeated C.T. determinations, 
extending several hours beyond the maximum activation. 



PERCENTAGE 

Fig. 1 

Data. Figure 1 illustrates the method of assay of prothrombin in terms 
of its o^Yn reference thrombin. Reciprocal clotting-times r (formulated 
as 1000 -r- C. T. (seconds), Fischer, 4) are plotted against dilutions, wliich 
are designated as percentages of the original strength. Curve B is the 
reference thrombin. CuiYe is a similar series made after the maximal 
activation of a coi-responding set of prothrombin dilutions, A fixed 
amount of CaCb and brain thromboplastin is added to each diluted pro- 
thrombin and the activation to thrombin is followed through the optimum 
as previously described (8). The respective thrombin “equivalents” are 
included in the figure. They are obtained by referring the “r” values of A 
to the reference cun^e B. 

Equivalence of thrombin and prolJirombin? There is a marked divergence 
of the data representing the two series. Obviously, dilution with saline 
has a different effect upon thrombin and its corresponding prothrombin. 
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The prothrombin series give more than the theoretical yield of effective 
thrombin, Tliis has been confirmed on 16 occasions, the only differences 
being a, in two cases, more than a twofold dilution was required to bring 
out the discrepancy; b, in one experiment, only, was there coincidence of 
the last two or three sets of percentages, suggesting that the possibility of 
diluting out the divergence is rarely realized. 

TABLE 1 

Effects of heparin and varying thromboplastin concentration (snpra-optimal) on 
activation of prothrombin to thrombin 

pH = 7.5. Activation at 10°C. Clotting-times (sec.) at 38°C. : 0.5 cc. T + 

1.0 cc. F -f- 0.5 cc. saline or heparin (C, 2) 
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B. Activation curves, with heparin 
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Thrombin dilution curves 
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As compared with activated plasmas (defibrinated), in which the throm- 
bin formed is very unstable (except in high dilution, 16) because of pro- 
gressive (serum-) antithrombin (10), our thrombins are sufficiently stable 
over several hours to discount any possible role of thrombinolytic factors. 
That this is true for the weaker, as well as for the full-strength, pro- 
thrombins is borne out by the finding in the data of the subsequent ex- 
periments (table 1), which demonstrate that there is no appreciable loss of 
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potency when protlu-ombin is activated very slowly, so that any lytic fac- 
tor present should have plenty of opportunity to affect the first portions of 
thrombin formed. 

Immediate antithrombins (12) can be ruled out, since the same reagents 
and identical dilutions are used in both thrombin and prothrombin series. 
Any change in the actual clotting conditions, therefore, must be the result 
and not the cause of the gi-eater thrombin yields. 

By a process of exclusion of known variables, we are led to explain the 
phenomenon of increase in thrombin yield on prothrombin dilution as due 
to diminution in the effect of a hitherto um-ecognized naturally-occuning 
aniiprothromhin. Such an agent has been identified in similar tests on 
diluted (50-100 X) defibrinated (56°C.) plasma. Qualitatively, at least, 
its action may be compared vuth the first phase effects of heparin (5). 

Mechanism of thrombin formation and the antiprothromhic actions of 
heparin. Section A of table 1 shows a series of controls in which a single 
full-strength prothi'ombin is activated in the presence of various dilutions 
of brain thromboplastin. The close similarity of the optimal clotting- 
times (IG^-IS") is good evidence of the completeness of thrombin forma- 
tion in all cases. We are dealing, therefore, with a set of conditions under 
which the prothrombin and calcium (cf. 6) are fixed and the thromboplastin 
always in excess. The only difference between the activation data is in 
the rate of thrombin formation, which is indicated by the length of time 
required for maximal activation. The weaker the thromboplastin, the 
longer the period in question. 

Section B is a repetition of the foregoing but vuth an added anti- 
prothrombic factor, namely, a small fixed amount of purified heparin in 
each thrombic mixture. Dismissing the few seconds discrepancies due to 
slight thrombin instability (progressive antithrombin, 10), the final clot- 
ting-times (circa 40") are sufficiently uniform to indicate that the con- 
version, in all cases, is as complete as the new conditions will allow. The 
most marked action of heparin in the first phase of clotting is the retarda- 
tion of the prothrombin conversion rate, and the clear inverse relation to 
thromboplastin concentration supports the conclusion that this action is 
anii-ihromboplastic. 

Sometimes the thrombic potency finally attained in the presence of 
heparin is identical with the controls (5) but often, as in the present ex- 
periments, there is a distinct lessening of optimal potency. This is clearly 
unrelated to the amount of thromboplastin or rate of thrombin formation. 
Compare the 40" (approx.) optima in B with the 16"-18" in A. The sec- 
ond pha.se control (C, 1) indicates a negligible effect (1") on the thrombin- 
fibrinogen interaction, and there is obviously little or no second-phase co- 
factor (“pro-antithrombin,” 14) or there would be an immediate antithrom- 
bi c action in the second phase (12). It mu.st be concluded that the 24- 
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second difference between A and B represents a second component in the 
first phase action of heparin, namely, a true anti-prothrombic effect, mani- 
fested by a reduction in the amount (effectiveness) of the thrombin formed. 
In the example cited, this is equivalent, approximately, to a 70 per cent loss 
of effectiveness. 

First phase co-factor for aniiprothromhic action of heparin. In contrast 
to Astrup (1), we always find that the antiprothrombic actions of heparin 

TABLE 2 

Effects of plas7na “albumin” (crude) on the action of heparin in the first and second 

phases of clotting 

Thrombic mixtures (T) = 4 cc. prothrombin -f 5 cc. “albumin” (or saline) + 
0.5 cc. (= 2.5 Toronto units) heparin (or saline) + 0.25 cc. brain thromboplastin + 
0.25 cc. N/10 CaCb, kept at 7.5°C. for times (min.) stated. Clotting-times (sec.) 
for 0.5 cc. T + 1.0 cc. fibrinogen 0.5 cc. saline (1-B) or 0.5 cc. of a saline mixture 
containing amounts of heparin, “albumin,” or both, to make 6, 7, 8 equivalent to 
2, 3, 4, respectively. C. T.’s at 38°C. and pH = 7.5. 
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B. Dilution curves (second phase controls 
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in our particular systems (5) require no added co-factor, but it remains an 
open question whether an unknown co-factor accompanies the experimental 
preparations. Earlier reports (cit. 2) of a fii’st phase co-factor are uncon- 
vincing, since the expei’iments described are not calculated to show up 
early antiprothi-ombic action or to rule out immediate antithrombic 
(second phase) effects. These objections are avoided in the data exempli- 
fied in table 2. 

The plasma “albumin’^ (see reagents) had no antiprothrombic action 
but rather a slight thromhoplastic effect (cf. 7), shovm in the early stages of 
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prothrombin activation. The chosen quantity of heparin had some anti- 
prothi-ombic action of its own. A^Tren the heparin and crude albumin 
were used in conjuction, however, a marked synergism (potentiation) 
occurred, with complete inhibition of thrombin formation. The second 
phase controls show the degi’ee of (immediate) antithrombic action, which, 
for the selected amounts of the inhibitory agents and full-strength thi’om- 
bin, is almost negligible in all three cases. 

It is concluded that a first phase co-factor undoubtedly exists in crude 
plasma “albumin.” It assists heparin to a much greater inhibition of 
thi'ombin formation than the second phase co-factor ('pro-antithrombin’) 
contributes to the action of heparin on fully-formed thrombin. 

Comment. In spite of demonstrated possibilities of interference by 
progi’essive antithrombin, immediate antithrombin (12), and natural 
antiprothrombin (v. supra), the dilution technique of the Iowa workers 
(2, 16) is offered as a practical method of “prothrombin” determinations. 
Our critical analysis is based upon a restricted and modified technique 
which aims not to serve the purposes, or to question the clinical useful- 
ness, of a general method of assay, but to afford a Ifigh degree of control of 
the cited inhibitors in order to interpret the processes involved in any 
“prothrombin” method. The above data show that the theoretical basis 
for definition of assay standards for thrombin and prothrombin should 
include cognizance of these variables. In the absence of equivalence 
between prothrombin and thrombin dilutions, it is impossible to assay 
prothrombin both in terms of an ai’bitrarily fixed clotting-time and a defi- 
nite thrombin dilution value. For practical purposes, it is suggested that 
at least two clotting-time reference points be selected, with a wide enough 
range to show up any effects due to the inhibitors mentioned. Pending 
answer to these suggestions, current “prothrombin” methods must be 
regarded as empirical and accepted with resenmtions. 

SUMMARY 

By quantitatively studying fibrinogen clotting-times udth thrombin and 
prothrombin (maximally activated with Ca and thromboplastin), it is 
shown that the prothrombin dilutions give more than the theoretical yield 
of thrombin. The thromboplastin variable is ruled out, as it is optimal 
in all cases. Under these circumstances, thromboplastin variations merely 
affect the rate of thrombin formation and the optimum clotting-time is a 
measure of the thrombin jneld. 

The addition of a fixed amount of heparin slows tlie rate of prothrombin 
activation and may result in a lessened amount (effectiveness) of the throm- 
bin formed. The first action is anti-thromboplastic, interpreted as an 
inhibition of the tiyptasc-likc thromboplastic enzyme (9, 11). The second 
effect is truly anti-prothrombic, due to an action of prothrombin protein 
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itself (cf. 4). These two phenomena comprise the “antiprothrombic’' 
(first phase inhibiting) actions of heparin and are easily separable, by con- 
trol experiments, from the second phase inhibitions, (a) 'progressive (here 
negligible) and (b) i'mmcdiale. An immediate antithrombin (12) is formed 
by heparin plus a plasma co-factor (proantitlu-ombin). A similar, but 
independently acting, co-factor for the first phase is demonstrated in crude 
plasma “albumin.” It markedly potentiates the antiprothrombic actions 
of heparin. 
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In a recent publication in this Journal (3), inhibitors of blood coagula- 
tion have been differentiated as follows: 1st phase, antiprothrombins (7); 
2nd phase, antithrombins, (a) immediate, (b) progressive (4). This paper 
deals vdth quantitative aspects of immediate antithrombins, relating their 
concentration to the relative effectiveness of thrombin as determined by 
the clotting-time for a test fibrinogen, noting their role in thrombin assay, 
and raising the question of their occurrence in natural clotting systems, 
including plasma. It has previously been shown that poljrsmlent anions 
and also heparin {plus its co-factor) antagonize thrombin, whereas cations 
act directly on fibrinogen (5, 6). The term “immediate antithrombin,” 
therefore, is not so much the designation of a specific thrombin-neutra- 
lizing agent as the expression of the ability of the agent to modify the 
fundamental phj^ico-chemical conditions controlling the thrombin- 
fibrinogen interaction. 

Method. Using a standard fibrinogen and a series of thrombin dilu- 
tions, the clotting-times (C.T.) afford values for a curve of reference, by 
which similar data, obtained in the presence of various immediate anti- 
thrombins, may be read off as effective thrombin concentrations and the de- 
gree of inhibition thus measured in terms of the amount of antithrombin 
used. 

Technic. The stability of the thrombin (T) is controlled by keeping a portion of 
the solution at 38°C. and testing samples at intervals for clotting-power when mixed 
with fibrinogen solution (F). The clotting is timed from the addition of 1 cc. F 
to a mixture of 0.5 cc. T and 0.5 cc. saline (0.9 per cent NaCl). The C.T. in these 
controls must not alter more than a verj*^ few seconds in the course of the experiments. 
In the inhibition tests, the antithrombin, suitably diluted, is substituted for the 
saline. For the reference curve, the clotting-times of the series of thrombin dilutions 
are plotted against relative thrombin concentrations, expressed as percentages of 
the original strength. 

Reagents. The citrated dog plasma used in these experiments is preserved lu' 
preliminary Berkcfeld filtration, a trace of thymol, and storage at 5°C. Fibrinogen 


* Assisted by a grant from the Ilor.ace H. Rackham Research Fund. 
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is prepared by three precipitations with ammonium sulfate (2). Thrombin is made 
by the Eagle technic (1) : the COj-precipitate from diluted plasma is redissolved and 
activated with CaCla and a saline emulsion of dog brain (thromboplastin), defibrina- 
tion being effected by continual stirring with a glass rod. The thrombin is further 
purified by acetone precipitation (4). Solutions are made from stock by evaporating 
off the supernatant acetone (air-jet) and redissolvihg in 0.9 per cent NaCl solution. 
The agents to be tested are accurately weighed out and dissolved in distilled water to 
known volume and strength of solution. The cited concentrations (see tables) refer 
to amount of agent in final mixture after the addition of all the reagents. Solutions 
are routinely adjusted to pH=7.4 (glass electrode). Clotting tests are carried out 
at constant temperature (25°C.) in serological tubes (11 mm. diameter) which are 
tilted once a second in a mechanical rocker. The clotting is timed from the moment 
of mixing the thrombin and fibrinogen to the first appearance of fibrin strands (4). 

Effects of ferrocyanide, etc., on thrombin dotting of fibrinogen. The imme- 
diate antithrombic action of various electrol 3 des and of heparin was studied 
for several dilutions of thrombin but a constant amount of fibrinogen.' 
Ferrocyanide was selected as a typical anion of high valency (—4) and a 
series of dilutions was tested with each thrombin. No significant oxida- 
tion-reduction reactions occur under the conditions of these experiments. 

In the data graphically presented in figure 1, the various concentrations 
of ferrocyanide were tested in relation to four different strengths of a throm- 
bin preparation. The figure clearly shows a direct relationship between 
clotting-time and ferrocyanide concentration for each of the thrombins 
used. The approximation of the experimental results to a straight line is 
very satisfactory over a limited range of ferrocyanide and thrombin con- 
centrations, although considerable deviations may occur under some ex- 
perimental conditions. The linear relationship has been found repeatedly 
within a clotting-time range of about 25 to 120 seconds, i.e., with moder- 
ately weak thrombins and not too small amounts of ferrocyanide (see later). 
It is also evident from figure 1 that the slopes of the lines (a) are inversely 
related to the concentrations of thrombin (E). 

K 2 SO 4 and KCl have also been studied and found to be much less in- 
hibitory. In using a diluted (1:4) thrombin, the inhibition due to 0.0625 
M K 2 SO 4 was approximately equal to that of 0.125 M KCl and to that of 
0.0039 Molar K 4 Fe(CN) 6 . 

Heparin. Heparin (plus its second phase co-factor, proantithromhin, 8) 
resembles ferrocyanide in its relations to fully formed thrombin. Figure 
2 represents an experiment in which varying quantities of heparin were 
tested with four different thrombin dilutions. Plasma, diluted wth saline, 
was used as the source of fibrinogen in order to furnish the heparin co- 
factor. Sufficient citrate was added to prevent activation of the prothrom- 
bin in the plasma. 

The results indicate that the clotting-time for each thrombin solution is 
proportional to the amount of heparin present. Again, the slopes of the 
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inhibition curves are inversely related to the thj-ombin concentration. 
Since data with ferrocyanide (fig. 1) are just as readily obtainable ndth the 
use of similar diluted plasma, instead of purified fibrinogen, it is e’^ddent 
that the results of the heparin and ferrocyanide experiments are strictly 
comparable. The quantitativel 3 ’- analogous behavior affords additional 



Fig. 1 Fig. 2 

• Fig. 1. Effect of varjaug ferrocyanide concentration on clotting-times of throm- 
bin-fibrinogen mixtures. Temp. = 25‘’C.; pH = 7.4. C.T. (sec.) for 1.0 cc. F -f 
0.5 cc. T + 0.5 cc. inhibitor. Four different thrombin concentrations (E) are tested. 
The dotted line is a reference curve, made with a series of saline dilutions of thrombin, 
by which clotting-times may be converted into effective thrombin concentration, 
expressed as percentage of original strength. 

The linear relation between clotting-time (y) and molal concentration of ferro- 
cyanide (ilf) may be expressed by the equation 

y = a M -h h 

where a and c are constants representing, respectively, the slope of the "inhibition 
curve” and the T-axis intercept. The inverse relation of slope to thrombin con- 
centration (E) may be expressed by the differential equation 

dy/d3I = K/E 2, 

where K is a constant. The differential factor {dy/dM) is identical with slope a, 
for all values of M, when the direct relationship expressed by equation 1 holds. 

Fig. 2. Effect of varying heparin concentration on clotting-timcs of mixtures of 
citrated plasma and four different thrombin concentrations. Same conditions and 
analysis as in figure 1. 


support for the conclusiou that heparin and pol 3 ryalcnt anions affect 
coagulation through a fundamentallj'' 'similar mode of action (5). 

Assay of thrombin and prothrombin. We have noted that the slope of 
the inhibition curve (with ferrocyanide, for instance) is an index of throm- 
bin concentration. Although difficulties are to be anticipated in practice, 
this offere a new principle for thrombin, and prothrombin, assa 3 ^ 
Naluralhj-occnrring immediate antilhrorfibins in plasma. Table 1 illu.s- 


QUANTITATIVE EFFECTS OF IMMEDIATE ANTITHROMBINS 


57 


trates tests made with a single thrombin preparation and three different 
coagulable solutions: (a) purified fibrinogen, (b) dog plasma I, from a 
health}'^ animal under nembutal anesthesia, (c) dog plasma II, from an 
animal under morphine-urethane anesthesia and in a condition of shock 
due to prolonged experimentation with vasomotor drugs. At the same 
time (expt. D) the thrombin was tested on fibrinogen in the presence of 
vaiying concentrations of potassium ferrocyanide. Although the plasmas 


TABLE 1 

Assay of the immediate antithrombins of plasma 



Five-tenths cubic centimeter thrombin is used to clot 1 cc. of plasma or fibrinogen. 


as indicated, in the presence of 0.5 cc. of the specified concentration of ferrocyanide 


(D) or of 0.9 per cent saline (A, B, C). 


* and t indicate appro.ximately equivalent clotting- times (sec text). 


TABLE 2 

Anomalous effects produced by dilution and inhibitors 


A. Thrombin dilution 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 

Clotting-time (C.T.) 36" 16" 13" 17" 22" 40" 60" 120" 


B. K4Fc(CN)o M/co M/2660 M/1280 M/640 M/320 M/160 

C.T. (thrombin 1:1) 36" 32" 32" 30" 47" 240" 

C.T. (thrombin 1:2) 15" 18" 20" 24" 28" 115" 


Clotting tests: 0.5 cc. saline or ferrocyanide -1-1.0 cc. diluted plasma (with added 
citrate) -1- 0.5 cc. Eagle-type thrombin. 


are similarly diluted and citrated, they show a marked difference in coagu- 
lability on adding the various thrombin dilutions. A somewhat crude 
comparison (since some minor variables, such as fibrinogen concentration 
and amount of citrate (in fibrinogen), were not controlled) may be made 
by comparing the clotting-times with 1:4 thrombin, referring each to the 
ferrocyanide series, as an empirical standard of assay. This gives the 
finding of about 64 times as much inhibitor in plasma II as in plasma I, 
which may be taken as indicative of a striking increase in immediate 
antithrombin in the plasma from the animal in shock. 
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Anomalous clol-acccleration by ^^inhibitors’’ . It is not an infrequent 
finding (table 2) that veiy small amounts of ferrocyanide shorten the 
clotting-time of thrombin-fibrinogen mixtures, in marked contrast to the 
inhibition seen -vrith gi'eater concentrations. The same result is obtained 
with many plasmas, the coagulation of which is timed from the addition of 
Ca-thromboplastin in the presence of weak ferrocyanide. In experiments 
C (table 1) and A (table 2) is seen an occasional anomalj’’, namely, an im- 
provement in clotting-power on diluting a thrombin preparation. The 
suggested explanation in all these cases is an improvement in the physical 
conditions for clotting. 

Discussion. The linear relationship which is demonstrated between 
clotting-times and concentration of antithrombin is significant because it 
indicates that the reaction between thrombin and fibrinogen is diminished 
by a definite amount, which can be directly related to concentration of 
inhibitor. From the quantitative relations established between clotting- 
time, strength of tlirombin, and concentration of (immediate) antithrom- 
bin, it is theoretically possible to determine any one of these variables if 
the other two are known. Potassium ferrocyanide is an easily reproducible 
standard of reference for the assay of the second phase actions of heparin 
and perhaps for naturally-occurring inhibitors of the same general type. 

SUMMARY 

A direct relation is found to exist between the clotting-time (thrombin 
-b fibrinogen-containing fluids) and the concentration of inhibitors (elec- 
trolytes or heparin plus co-factor). 

The rate of increase of clotting-time with increasing concentrations of 
these antithrombins, i.e., the ‘'inhibition slope", varies inversely with the 
thrombin concentration. 

The principles of new methods for the assay of thrombin and immediate 
antithrombins are outlined. Potassium feiTOcyanide is suggested as a 
reference standard for the latter. 

A clot acceleration effect produced by traces of immediate antithrombins, 
or, occasionally, by dilution, is observed ndth plasma and with some 
thrombin preparations. 
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The interpretation of the effects of cold on the finger circulation indicated 
the advisability of extending observations on arterial reactions in the hand 
to include the intermediate arteries lying between the radial and ulnar 
arteries and the minute terminal arteries of the finger pad. The possible 
participation of the digital, metacarpal and Amlar arch arteries in the A’^ascu- 
lar reactions in the hand is not indicated in the usual experiments done on 
the finger or hand circulations. It is usually assumed without an adequate 
observational basis that the vasomotor discharges to the hand involve 
chiefly the terminal arterial branches since these have the most abundant 
inneiwation and, to a less extent, the larger hand arteries since these re- 
ceive fewer fibers. The differences in reaction would according to this 
assumption be quantitative rather than qualitative. However, observa- 
tions on the radial artery and the finger pad (1) where the argument applies 
similarly indicated that profound constriction could occur in the finger 
pad without effect on the radial artery. . This implies a selective discharge 
in the A'-asomotor system. 

Can this discharge to the hand arteries be so selectRe that it can inAmh^e 
only the terminal skin arteries Avithout effect on the tone of the interme- 
diate hand arteries? This paper ansAA'^ers the question in the affirmatRe. 

Method. The reactiAuty of the larger arteries of the hand has been 
studied by recording their Amlume pulses Avith the photoelectric plethysmo- 
gi-aph (2). The Amlume pulses of the dorsal metacarpal arteries and of the 
A. Amlaris indicis radialis may often be recorded Avith ease AAfithout much 
interference from the terminal skin ai'teries AA^hich are far less abundant 
on the dorsal aspects of the hand (3). Thus, AAdren the plethysmograph is 
moved only slightly from the position Avhere the artery’s pulse is readily 

1 This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmac}' and Chemistry, American 
Medical Association. Generous assistance from the Burgess Battery Company, 
Freeport, Illinois, has also been receiA^ed and is gratefully acknoAvledged. 
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recorded, the pulsations decrease sharply in magnitude and become diffi- 
cult to record at all. This conveniently eliminates any significant error 
due to the pulsations at the small skin arteries. Convenient positions for 
the plethysmograph are at the base of the index finger on its radial aspect 
and in the fork between the index and middle fingers. In neither position 
are the plethysmograms much affected by reactions in the palmar skin. 
Occasionally, the first dorsal metacarpal artery (branch of the radial) 
lies so close to the skin surface that its pulsations are readily palpated and 
recorded. The digital artery pulses are usually readily recorded by plac- 
ing the plethysmogi’aph near or over the first interphalangeal joint some- 



Figs. 1-0. Volume pulses of finger pad and of dorsal metacarpal artery. Time: 
10 seconds. 

Fig. 1. Spontaneous waves. Upper record of pad. 

Fig. 2. Spontaneous waves. Raynaud’s disease. Lower record of pad. 

Fig. 3. First constriction is spontaneous. Second constriction is in response to a 
loud noise. Upper record of pad. 

Fig. 4. Immersion of opposite hand in ice water. Upper record of pad. 

Fig. 5 . Application of cold to finger whose pad pulse is recorded in upper record. 

what toward the palmar surface. Occasionally the digital arteiy records 
are mixed with effects from the terminal arteries in the pad. When this 
is the ca.se, mild vasocon.strictor .stimuli see??? to elicit constrictions in the 
digital arteiy as well as in the pad. A slight shift in the position of the 
plethy.smogi-aph will eliminate these responses and also result in a large 
increa.«e in the amplitude of the recorded pulse. 

Subjects (healthy adults unle.ss otherwise noted) were in a .sitting po- 
sition with the arm flexed and raised slightly. This position seems to 
jirovidc the iie.st protection against gro.ss artifacts due to movements, 

Ri:suhTS. The domal metacarpal arteries are smaller and better muscled 
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tubes than the radial and ulnar arteries and their immediate branches. 
One might therefore expect the dorsal metacarpal arteries to participate 
more frequently in the vasoconstrictor reflexes involving the small arteries 
and arterioles of the finger skin but such has not been our experience 
(figs. 1-5). This is particularly true when the vasoconstrictor discharges 
are brief as in the spontaneous Avaves of short duration (figs. 1 and 2), 
Avhere complete absence of constrictor effect on the metacarpal arteries is 
usually the case. It was interesting to note that this was also true in 
similar observations on a case of Raynaud’s disease (fig. 2). Occasionally 
more prolonged discharges may slightly affect the metacarpal artery pulse. 
The vasoconstrictor reflexes elicited by loud noises (fig. 3), by deep breaths, 
by immersion of the opposite hand in ice Avater (fig. 4) Avere usually AAuth- 
out effect on the amplitude of the metacarpal artery pulses. A aa^oII sus- 
tained constriction may be elicited in the finger by local cold to it AAothout 
any indication of a constrictor effect on the supplying metacarpal artery 
(fig. 5). The cold stimulus regularly elicits constriction in the unchilled 
finger as AA^ell, so the failure of the metacarpal artery to constrict must in 
this case be due to the selecth^e character of the vasoconstrictor discharge. 
The usual absence of A'-asoconstrictor reflexes in the metacarpal arteries 
parallels the observations on the radial artery (1). In a feAV instances 
AAdiere a moderate participation of the metacarpal arteries in the A^asocon- 
strictor discharges seemed to occur, the plethysmograph AA^as placed at the 
fork of the second and third fingers and directed toAvards the palmar skin. 
One could not then be quite certain that the volume pulse record had not 
been directly affected by reactions of the small arteries and arterioles in 
the trans-illuminated skin. 

The results on the digital arteries Avere someAvhat surprising Avhen con- 
sidered from the anatomical AdeAvpoint. These A'^essels haA'^e a fairly thick 
media, they receive a vasomotor inneivation and they can go into poAverful 
spasms (4). In vicAv of the extreme lability of the finger circulation, the 
ease AAuth Avhich A'-asomotor reflexes can be demonstrated here, and the ex- 
traordinarily large changes Avhich can and do occur in the finger’s blood 
floAv (5), one may expect vasoconstrictor reflexes to involve the digital 
arteries as Avell as the minute vessels of the pad. Only quantitatiA'-e but 
■not qualitath'^e differences in the responses of these finger A'^essels may be 
expected if Schi-etzenmayr’s thesis of synergistic participation of the larger 
arteries in the A'-asomotor reflexes (6) is ordinarily applicable to man. No 
better test of this idea could be made than in the extremely labile vascular 
field of the finger. 

The results (figs. 6-9) indicate that the digital arteries are not usually 
involved in the A’-asoconstrictor discharges to the finger. Thus, spon- 
taneous AvaA’-es (figs. 6 and 7) and the reactions in the pad A'-essels to such 
stimuli as loud noises (fig. 8) may be and usually are Avithout any constric- 
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tor effect on the digital artery. In instances of apparent participation in 
such reflexes one is justified in questioning the validity of the observations 
since exact placement of the plethysmogi-aph is required if the pad pulses 
are not to affect the digital artery records. The small vessels of the pads 
of the three phalanges participate regularly in the vasomotor reactions of 
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Figs. 6-9. Volume pulses of finger pad and of digital artery at first interphalangeal 
joint. 

Fig. G. Spontaneous waves. Upper record of pad. Respiration and time in 5 
seconds. 

Fig. 7. Spontaneous waves. Lower record of pad. 

Fig. 8. Loud noise. Lower record of pad. 

Fig. 9. Application of cold to finger whose pad pulses and digital arter}' pulses 
are being recorded. Upper record of pad. Respiration and time in 5 seconds. 


the tenninal phalanx. AVe have seen no exceptions to this statement in 
liealthj^ .subjects. 

The application of cold to the finger in whieh the reactions of the pad 
ve.ssels and of the digital artery are being recorded should be an excellent 
test of the participation of the latter in vasoconstrictor reflexes in the 
finger. When this is done by methods which will be described elsewhere, 
the digital arterj' may fail to constrict until its temperature has fallen 
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(fig. 9). The initial constriction in the pad of the cliilled finger is due to 
vasoconstrictor reflexes elicited by the cold and acting on the warm fingers 
of both hands as well as on the chilled finger, (The detailed description of 
these responses mil appear in a following paper.) The digital artery 
volume pulses may increase at the moment constriction occurs in the pad. 
Tliis may be the result of a rise in pressure in the digital artery due to 
constriction in the arterioles which it supplies. As chilling proceeds, the 
digital artery volume pulses may decrease somewhat (fig. 9), due possibly 
to a direct constrictor effect of cold on the artery. 

Comment. These experiments are in agi-eement with the generally held 
opinion that the vasomotor reflexes act principally on the arterial gateway, 
the small arteries and arterioles. They also follow logically from the 
previously pubhshed observations on the reactions of the radial artery in 
similar circumstances (1) and they add CAudence in support of the position 
taken there. 

There is notliing in the known anatomy of the sympathetic nervous sys- 
tem and of the hand arteries Avhich Avould lead one to expect that a vasomotor 
reflex to the arterioles and small arteries of the skin would be limited to 
these small vessels and would not also inA'olve the lai’ger arteries of the 
hand. Failure of the latter vessels to be included in the vasoconstrictor 
reflexes in the hand circulation can not be due to lack of muscle in the walls 
of these arteries or to the absence of an innervation. Quantitative differ- 
ences betAveen the responses of the digital arteries and those of the smaller 
arteries and arterioles AA^hich they supply may be expected but complete 
absence of a vasoconstrictor response in the digital arteiy at the time that 
its minute branches constrict powerfully is another matter. It should be 
emphasized that tliis may happen at the time that the A^asoconstrictor 
discharges are sufficiently AAudespread to involve fingers and toes. 

The simplest position is to consider these results as further evidence that 
the A’-asomotor reflexes are highly selective AAuth respect to the vascular 
topography involved in the reactions, that these ordinary A’-asomotor ac- 
tivities are not the result of mass actions by the S3anpathetic nervous 
system. We so interpret the data of this paper. 

There is nothing implied in this interpretation AA-hich Avould in any 
Avay negate the possibility of the larger hand arteries and the larger main 
arterial trunks of the arm of participating in more massive disturbances of 
the arterial tree than those described here. 

SUMMARY 

The participation of the intermediate hand arteries, the dorsal meta- 
carpal arteries and the digital arteries, in the vasoconstrictor reflexes of 
the hand, has been studied by recording their A’-olume pulses AA’ith the 
photoelectric plethysmograph. 
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These arteries do not usually participate in the so-called spontaneous 
waves (figs. 1, 2, 6 and 7), in the vasoconstrictor reflexes elicited by loud 
noises (figs. 3 and 8), by immersion of opposite hand in ice water (fig. 4), 
or by application of cold to the finger whose pad pulses are being recorded 
(figs. 5 and 9). 

These results are most simply explained by considering the vasomotor 
reflexes as highly selective with respect to the vascular topogi-aphy involved 
in the reactions. 
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The fall in mean arterial blood pressure which occurs when ether is ad- 
ministered to sjonpathectomized dogs (1) suggests that during ether anes- 
thesia the activity of the sympathetic nervous system is essential for the 
maintenance of the normal blood pressure level. Since it is known that 
the isolated spinal cord can mediate some sympathetic activity in response 
to various types of stimuli (2, 3, 4), it seemed of considerable interest to 
compare the circulatory responses to ether inhalation shown by chronic 
spinal dogs nith those exhibited by .sympathectomized dogs. 

Methods. The data rejiorted in this studj’- have been gathered from 
experiments on seventeen spinal dogs. All operations were performed 
aseptically under nembutal anesthesia. The animals were used for the 
ether experiments four to fifty-three days after transection of the spinal 
cord, the duration of the postoperative period not significantly altering the 
results. At the time of experimentation, the animals were in good con- 
dition. In every instance the level of the cord section was ascertained by 
autopsy. The sites of the spinal cord sections are shown in table 1. 

The mean arterial blood pressure was determined in the femoral arteiy 
by the insertion of a glass cannula connected to a mercury manometer. 
The heart rates were counted from the kymogi-aph records and checked 
against rates counted with a stethoscope. Blood ether concentration was 
measured by Ruigh’s modification of the iodine pentoxide method (5). 
Two cubic centimeters of jugular vein blood were used for each determina- 
tion. 

After a control period of from one-half to one and one-half hours of rest 
on the animal board, the dogs were etherized by the drop method for one 
hour. 

Results. As in the experiments with sympathectomized dogs (1), 
only the stage of excitement and the stage of surgical anesthesia were 
recognized. The events occur so quickly in the dog that it is impractical 
to distinguish the first and fourth stages. 

^ A preliminary report of this work was presented before the American Physi- 
ological Society, Toronto, This Journal 126: P613, 1939. 
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Dogs with spinal cord section heloio T-10. In animals with spinal cord 
section below T-10 (table 1), the effects of etherization on blood pressure 
and heart rate were the same as in normal animals (1). Figm-e 1 shows a 
blood pressure tracing from one of these animals. 

Dogs with spinal cord section above T-7. In thirteen experiments on 
nine dogs MTth cord section above T-7 (table 1), the control values for ar- 

TABLE 1 


The distribution of the spinal cord sections 


NUMBER OF ANIMALS 

LEVEL OF CORD SECTION 

1 

1 , 

7th to 8th C 

2 ' 

8th C to 1st T 

8 

1st to 2nd T 

2 1 

4th to 5th T 

1 

6th to 7th T 

1 

11th to 12th T 

1 

13th T to 1st L 

1 

1st to 2nd L 


/s» 





Fig. 1. The effect of ether inhaletiorv upon the blood pressure and lieart rate of a 
dog six days after the spinal cord had been sectioned between T-11 and T-12. 

terial pressure were slightly below normal (average 95 mm. Hg), but the 
rc.sting heart rates fell within the normal range (80 to 100). In striking 
contrast with the effects on normal and low spinal dogs, the induction of 
ane.sthe,sia in high .spinal animals (fig. 2) caused in eveiy instance a pre- 
cipitous fall of 30 to 60 mm. Hg in arterial blood pre.ssure accompanied by 
bradycardia. As the surgical stage was entered, the blood pre.ssure showed 






CIRCULATORY RESPONSE OF CHRONIC SPINAL DOGS TO ETHER 67 


L.<ft 




»• *%tn ffjt _ £t hcr 

Oa^ ^ ^ 

Caf^ jmet'OatJ 7/^f/iX 
Acf^ft/K^n /< 



Rtif>iriT>*n 

'/ ''' 




7/->s/3lf 





Tmt. / J«. infirri/t 

mm^„. ii.i,.n..iJiaiimuiiiiimiuiiiiiiiiiiiiiiii tiiiiiiiuiiiiiiiiiiniiii!iiiniiiiiinmiiiimiiiiiii iiiiiiiiiii!ii;iii!iii..!:. 

Fig. 2. The effect of etlier inhalation upon the blood pressure and heart rate of a 
dog four days after transection of the spinal cord between T-6 and T-7. 


izoH 

V 

a: 

o ||0^ 
tc 

LJ 


|IOO-I 


_J 
< 

5 60H 

lU 
1“ 
q: 

< 

z 50H 
<c 

Ul 
S 

40H 




o 


• NORMAL 
O HIGH SPINAL 








O 





o 


o 


1 1 1 1 1 1 1 1 , 1 [— 

100 no 120 130 140 150 

MGMS. PER CENT BLOOD ETHER CONCENTRATION 

Fig. 3. The relation of the mean arterial blood pressure to the blood ether con- 
centration in normal and high spinal dogs. 
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only a slight tendency to return to the control value. During full surgical 
anesthesia, the mean blood pressure levels usually ranged between 40 and 
65 mm. Hg (fig. 3). Under these conditions the acceleration in heart rate 
varied vith the level of cord transection. Thus, with sections at or 
above T-1, the rate increased to only about 135 beats per minute (the 
denervated heart rate), whei-eas with sections below T-4 the rate increased 
to approximately 200, as in normal animals. 

The vagi were cut in three dogs with spinal cord sections between C-6 
and T~l. In these animals, the administration of ether caused an abrupt 
fall in blood pressure without bradycardia (fig. 4). This response closely 
resembles that shown by sympathectomized, vagotomized dogs (1). 



7',»»6 S Smc 

^*3 ^ /• 

Cr*r, , Bt/fh rty/ CvT 

Pr*amrt Awtj 

Fig. 4. The effect of ether inhaletion upon the blood pressure of a bilaterallj" 
vagotomized dog nine days after the spinal cord had been cut between C-7 and T-1. 

During surgical anesthesia, the blood pressures and the heart rates of 
vagotomized, high spinal dogs were the same as those shown by high 
spinal dogs with intact vagi. 

The effect of ether anesthesia upon the circulation has also been studied 
in spinal cats. Etherization of four cats with spinal cord sections above 
the eighth thoracic segment caused the same blood pressure and heart rate 
responses that were observed in the high spinal dogs. In two cats with 
cord section below the ninth thoracic segment, the administration of ether 
produced circulatory changes identical with those shown bj'’ normal cats 
and dog.s. 

Discussion. During the excitement stage of ether anesthesia, sjiinal 
dogs exhibit the bradycardia shown by normal and sympathectomized 
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dogs. Tliis response, -which is absent in vagotomized, spinal dogs, is 
attributed to the reflex stimulation of the vagal centers bj'- the irritant 
action of ether upon the respiratory mucosa (6). 

During the surgical stage of ether anesthesia (blood other, 100 to 150 
mgm. per cent), the heart rate depends upon the level of the spinal cord 
transection. As in normal dogs, the heart rate of animals -ivhich ha-^^e 
suffered section of the cord below the fourth thoracic segment increases to 
about 200 boats per minute. But if the upper thoracic segments are cut 
off from suprasegmental control, less cardiac acceleration is produced by 
surgical ether anesthesia. In dogs with low cervical transactions, the heart 
rate increases during surgical anesthesia to about 135 beats per minute. 
This is the rate of the dener\^ated heart and indicates that the rate has 
increased only to the extent that can be accounted for by the removal of 
vagal inhibition. When the A'agal effects are eliminated by bilateral 
vagotomj’-, the induction of ether anesthesia causes no change in heart 
rate (fig. 4). These findings indicate that the isolated sympathetic cardio- 
accelerator centers of the spinal cord are not excited bj”^ ether. 

The rise in blood pressure shown by normal dogs during the excitement 
stage of ether anesthesia (1) does not occur when the suprasegmental 
control of the spinal sjnnpathetic centers below the sixth thoracic segment 
is cut off b}’’ spinal cord section at or above that level (see figs. 1 and 2). 
Instead, these high spinal animals show a fall in pressure similar to that 
exhibited by sympathectomized dogs (1). On the other hand, the adminis- 
tration of ether to animals with cord transections below the tenth thoracic 
segment produces the rise in blood pressure observed in normal dogs (fig. 1). 
The same relations prevail under surgical ether anesthesia. AVith cord 
sections above the seventh thoracic segment the blood pressure is low 
(30-60 mm.), whereas, with cord sections below the tenth thoracic segment, 
the blood pressure remains within the normal range (100-120 mm.) (see 
figs. 1 and 2). Thus, it is apparent that an important sympathetic out- 
flow for the nervous control of blood pressure during ether anesthesia lies 
between the sixdh and the cle-^'enth thoracic segments. 

The different vascular responses shown by high and low spinal dogs sug- 
gest that the splanchnic nerves may be of major importance in the main- 
tenance of the normal blood pressure. In view of this, bilateral subdia- 
phragmatic splanchnic nerve section Avas performed on tAvo dogs. The 
three experiments on these animals showed that ether anesthesia produced 
blood pressure and heart rate changes identical Avith those of normal ani- 
mals except that the rise in pressure during the excitement stage Avas less 
pronounced. Hence, it seems that in the absence of the splanchnic nerves 
impulses mediated by other S3mipathetic A'^asoconstrictor fibers are able to 
maintain the vascular tone. 

Since this study does not include measurements of the cardiac output. 
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an accurate evaluation of the blood pressure changes is not possible. 
Nevertheless, the direct relation between blood pressure variations and the 
amount of the sympathetic nervous system which remains connected vith 
the suprasegmental centers suggests that the obsen^ed effects result from 
alterations in peripheral resistance rather than from primary changes in 
cardiac output. Assuming that the mechanism of peripheral vascular 
reactions is identical in etherized, liigh spinal dogs and in etherized, sym- 
pathectomized dogs, vascular dilatation may be produced either by stimu- 
lation of dilator mechanisms in the cord or by the direct action of ether or 
certain metabolites upon the blood vessels. In the normal animal, such 
dilatation is doubtless masked by S 3 anpathetic vasoconstrictor impulses 
originating above the cord. 


SUMMARY 

1. The administration of ether to dogs with the spinal cord sectioned 
below the tenth thoracic segment produces the same changes in blood 
pressure and heart rate that are shown by normal animals (fig. 1). 

2. The inhalation of ether by dogs with the spinal cord cut above the 
seventh thoracic segment results in an immediate fall in blood pressure. 
This is associated with a marked bradycardia (fig, 2), During surgical 
anesthesia the mean blood pressure ranges between 40 and 65 mm. Hg 
(fig. 3). In this stage the degree of cardiac acceleration is related to the 
amount of the residual cardio-accelerator outflow which remains connected 
•with suprasegmental centers. 

3. The administration of ether to vagotomized, high spinal dogs (cord 
section C-6 to T-1) causes no change in heart rate and produces the same 
blood pressure responses that are shown by high spinal dogs with intact 
vagi (fig. 4). 

4. Etherization of dogs with bilateral splanchnic nerve section produces 
in general the circulatory responses observed in normal dogs. 

5. It is concluded that for the maintenance of normal blood pre.ssure 
during ether anesthesia, the suprasegmental control of the sympathetic 
nervous system must extend below the sixth thoracic segment. 
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Selye (1) and Ludden et al. (2) reported that desoxycorticosterone ace- 
tate (D.C.A.) has a renotropic action which is very similar to that of tes- 
tosterone and progesterone. This kidney-stimulating effect has been 
proven to be direct and not mediated by the hj’-pophysis since all these 
steroids are active in the absence of the pituitary (3). However, since 
the}'’ are not as active as in the intact animal and fail to restore the atro- 
phied kidneys of the hypophysectomized rat to their normal size, Selye 
concluded that most probably the kidney is dependent for the mainte- 
nance of its normal structure on the balanced production of other hypophys- 
eal principles (growth and thyrotropic?) in addition to the luteinizing 
and adrenotropic hormones. Selye (4) has observed a beneficial action of 
both testosterone and D.C.A. on the kidney after sublimate poisoning; but 
even more remarkable was the constant protective effect obtained with 
D.C.A. in experimental uremia produced by complete nephrectomy since 
this action could not merely be due to the renotropic effect of the ster- 
oid (5). Furthermore, Selye and Nielsen (6) reported that D.C.A. not 
only prolongs the survival time and delays the clinical signs of uremia, 
but actually inhibits the rise in the non-protein nitrogen content of the 
blood after complete nephrectomy. Since several investigators have 
already discussed the possibility that because of their renotropic effect 
certain steroids may be useful in the clinical treatment of kidney disorders, 
this action of D.C.A. appears to be particularly important. The use of 
tins substance in place of androgens has the definite advantage of elimi- 
nating specific effects on the sex organs. Therefore it was deemed worth- 
while to investigate what would be the optimum length of pretreatment 
and the optimum dose for the experimental study of the antiuremic proper- 
ties of D.C.A. in mice and rats. 

In order to establish these conditions Ave performed a number of experi- 
ments on female albino mice with body weights averaging 18 grams. In 
the first experiment we attempted to establish the optimum daily dose, 
and, as shown in the table, groups 1 to 6 received subcutaneous injections 
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of D.C.A. dissolved in 0,2 cc. of peanut oil in doses ranging from 0.1 to 
5.0 ragm. The right kidne3’' was removed after careful decapsulation so as 
to prevent any injury to the adrenal and 24 hours later pretreatment was 
started. Six days having been tentatively chosen for the length of pre- 
treatment, the left kidney was removed at the end of that period and the 
survival time of each animal was recorded. The results summarized in 
table 1 indicate that all doses above 0.1 mgm. significantly increase the 

TABLE! 


Survival time of nephreclomized mice and rats after pretrealment with D.C.A. 



, GnOTJP 

' 

DAILY TREATlIEKT 

NUMBER 

OF 

DATS 

NUMBER 

OF 

ANIMALS 

MEAN 

BODY 

TVEIGHT 

SURVIVAL TIME 

P* 

Mean 

Range 



1 



grams 

hours 



I 

1 

1 0.2 cc. oil 

6 

9 mice 

17 

26 

20-36 



2 

0.1 mgm. DCA 

6 

10 mice 

18 

32 

24-38 

0.06 


3 

0.5 mgm. DCA 

6 

10 mice 

17 

34 1 

23-50 

0.05 


4 

1.0 mgm. DCA 

6 

10 mice 

17 

35 1 

22-50 

0.05 


5 

2.0 mgm. DCA i 

6 i 

10 mice 

17 1 

35 

22-46 

0.03 


6 

5.0 mgm. DCA 

6 ' 

10 mice 

18 

34 

23-48 

0.05 

II 

7 ' 

0.1 cc. oil 

1 

6 

! 

10 mice 

17 ^ 

i 

25 

19-41 ' 



8 ! 

2.0 mgm. DCA 


12 mice 

18 

28 

19-45 

0.40 


9 

2.0 mgm. DCA 


11 mice 

17 

43 

35-46 

<0.01 


10 

2,0 mgm. DCA 

6 

11 mice 

19 

34 

22-47 

0.03 


11 ! 

2.0 mgm. DCA 

12 

10 mice 

19 

36 

1 22-48 

1 0.02 


12 

2.0 mgm. DCA 

24 

10 mice 

19 

38 

23-47 

0.02 

III 

13 

0.1 cc. oil 


12 mice 

17 

30 

24-40 



14 1 

2.0 mgm. DCA 


12 mice 

18 

48 

40-56 

<0.01 


15 

2.0 mgm. DCA 

1 6 

1 

i 12 mice 

18 

38 

26-51 

0.01 

IV 

16 

0.2 cc. oil 


12 rats 

90 

33 

29-39 



17 

2.0 mgm. DCA 


12 rats 

96 

36 

31-42 

0.05 


18 

1 5.0 mgm. DCA 


12 rats 

95 

41 

33-52 

<0.01 


* Probability calculated from Fisher’s table of t (7). Results are considered to 
vary significantly from the normal when P is equal to or smaller than 0.05. 


survival time, and the optimum daily dose of D.C.A. in mice is 2.0 mgm. 
since gi-oup 5 has the lowest P value combined A\nth the longest mean 
sun'ival time. 

Having obtained an approximate optimum daily dose of D.C.A., wc 
performed a second experiment (groups 7 to 12) in which all animals were 
treated with the dose of 2,0 mgm. and the length of pretreatment varied 
from 1 to 24 days. In all other respects the experiment was conducted as 
in the previous series, the right kidney being removed 24 hours before the 
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first injection and the left kidney on the last day of pretreatment. Here 
Ave found a significant difference in the length of survival of the different 
gi-onps AvhcrcA-er the number of days of pretreatment Avas at least 3, Avith 
an optimum A\alue for 3 days Avhere P AA'as less than 0.01 and the mean 
surATA’al time longest. 

A third similar experiment (gi'oups 13 to 15) emphasized these results 
ghdng as the optimum dail}'- dose for mice 2.0 mgm. of D.C.A. and as the 
optimum length of pretreatment 3 days. 

After haA’ing ascertained optimum conditions in the mouse, aa'c at- 
tempted to do the same in the rat. For this purpose aa'C performed a fourth 
experiment (groups 16 to 18) on 36 albino rats Avith 6 males and 6 females in 
each gi’oujr, all haA'ing an aA^eragc Aveight of 95 gi-ams. All gi’oups AA^ere 
pretreated for 3 days, one Avith 0.2 cc. of peanut oil, one Avith 2.0 mgm. and 
the others Avith 5.0 mgm. of D.G.A. daily subcutaneousl 5 ^ The best 
among the doses tested Avas the 5 mgm. dailj'’ dose Avith 3 daj'-s’ pretreat- 
ment. 


SUMMARA" 

Desoxycorticosterone acetate exerts a protectiAT effect in experimental 
uremia produced by complete nephrectomy and although it does so Avhen 
giA^en in ranging doses and for different periods of time, the optimum con- 
ditions for the study of those antiuremic properties haA’^e been found to be 
2.0 mgm./da}'' in the 18 gram mouse, and 5 mgm. /day in the 95 gram rat 
•giA'en subcutaneously in oil for 3 days. 
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frayed by a gi'ant of the United States National Research Council Com- 
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SchAvenk of the Schering Corporation of Bloomfield, Ncav Jersey, for the 
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Several workers have made use of the cardiometer for studying respira- 
tory effects on ventricular filling and output. The application of their 
findings to normal J^rcathing is, however, somewhat questionable. Hen- 
derson and Barringer (1913b) used dogs with bilateral open pneumothorax. 
The lungs were kept inflated by a stream of air under positive pressure, 
controlled by a Muller water valve. The rate of insufflation was so ad- 
justed that the animal continued to make i-hjdhmic respiratory movements, 
but the intrathoracic pressure was at least atmospheric and the intra- 
pulmonary pressure somewhat liiglier. E 5 ’'ster and Hicks (1933) and 
Cahoon, Johnson and Michael (1940), after appl 3 dng the cardiometer, 
closed the chest so that natural breathing could go on; but the cardiometer 
was connected to a I'ecording device moving in outside air. The ventricles 
thus had to fill against an unvarying atmospheric pressure. Eyster and 
Hicks recognized this as a possible source of error, but did not consider 
it to be of critical importance. The ventricles, because of their thick 
walls, were believed to be little if at all affected by the normal respiratory 
changes of external pressure upon them. This assumption is not uncom- 
mon in the earlier literature, but it seems always to have lacked experi- 
mental support, and is shown below to be untenable. In the present 
study we have used a recording system in which e.xternal pressure on the 
ventricles is always appro.ximately equal to intrathoracic pressure, varjdng 
a.s the latter does with the phases of respiration. 

.Appauatus. The arrangement is .shown diagi'ammatically in figure lA. 
T'he recording device is a tambour with a wide membrane, inclosed on 
both sides. The air chamber on one side is connected to the cardiometer, 
that on the other to the intz’apleural .space of the thorax. Except (or thc.se 
connections the chest is closed, and the animal breathes naturally. Tlie 
side outlets at Ci and Cs are shut off by clamps after initial adjustment of 
llie aii‘ content on Ijoth sides of the membrane. On the cardiometer side, 
the volume should be so regulated that the excursions to be ivcordcd arc 
approximately equal in both directions from the plane position of the 
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Fig. 1. A. Diagram of recording sj'stem. R, outlet to segment capsule recording 
respiration. Ci, C 3 , side outlets which arc clamped off after initial adjustment of 
air volume on both sides of the tambour membrane; C 3 , alternative position for 
clamp at Ci. Further explanation in text. 

B. Recording tambour. Diameter of membrane 12 cm., walls permit maximum 
excursion of 1 cm. in each direction. Inside dimensions of box above (shown in 
longitudinal section) 3x3x1) cm. The lid is of glass, removable but sealed bj'- model- 
ling clay. T, outlet to intrapleural space; C, outlet to cardiometer. 

C. Response of tambour (above) to moving piston of syringe (below) upper 
chamber open to outside air. Time, seconds. 

D. Response of tambour (below) to moving piston of syringe (above). The upper 
chamber was connected to the intrapleural space of a dog breathing naturall 3 ^ The 
middle record is of intrapleural pressure. 

E. From above down: respiratory displacement of tambour, volume scale shown 
at right; intrapleural pressure, reduced bj' about S cm. HoO at each inspiration; 
arterial pressure; time, seconds. The lower chamber of the tambour was connected 
to a flask with a fixed air space of 100 cc. 


membrane. When the upper chamber is first connected to the thorax, air 
is withdrawn through (7i to inflate the lungs; but enough should be left 
to maintain a small pneumothorax at all times, allowing free movement 
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of air to equalize pressures between the tambour and the intrapleural 
space. As long as this condition is observed the ventricles fill, during 
diastole, against the existing intrapleural pressure, plus the shght re- 
sistance of the membrane itself. The membrane is thereby displaced 
upward, and a corresponding volume of air driven over into the thoracic 
ca\dty. This movement is reversed at systole. Ventricular volume 
changes are recorded as large and rapid excui-sions, superimposed on 
slower and much smaller respiratoiy waves. 

Details of the tambour are shown in figure IB. The ordinary lever ar- 
rangement ob\dously cannot be used for recording, on a kymogi-aph in 
outside air, the excursions of a membrane with subatmospheric pressure 
on both sides. The membrane here used cames a light disc supporting a 
flat vertical shaft, both of thin aluminum. The shaft, projecting into the 
boxlike superstructure, engages a short lever vfith a mirror pivoted at its 
fulcrum. The glass window, transmitting the light beam to and from 
the mirror, is a convex lens, focusing the beam on a ground-glass plate at 
a distance of 30 to 40 cm. The excursions, too large for direct projection 
into the camera, are recorded by a camera vith an ordinary lens, placed 
beyond the ground-glass plate. The bulk of the tambour interferes with 
the simultaneous projection of other light beams, except from an equally 
short distance. We therefore had to use, for arterial and venous pressures, 
manometers of relatively high sensitivity and low frequency. Ai'terial 
pressure was recorded from the carotid. A catheter was passed down the 
external jugular vein to the right auricle. It was connected to a manom- 
eter so damped that the rapid pulsations in the cardiac cycle were nearly 
suppressed, the slower respiratory waves of venous pressure being recorded. 
The arrangement has the advantage of allowing continuous observation 
of the moving spots on the ground-glass plate. 

We have used in the tambour membranes of varying sensitivity. Each 
was tested by connecting, to the lower chamber, a -water manometer and 
a large syringe containing 100 ec. of air (a volume approximately equal to 
the average air space around the ventricles in the cardiometer). The 
piston of the syringe was then moved slo-«iy over a A'olume range of 50 cc., 
25 cc. in each direction from the original position. Between these limits, 
the pressure change registered with different membranes was 4 mm. HiO, 
for the slack type described by Henderson and Barringer (1913a); 24 mm., 
for medium-weight rubber dam under considerable tension; and 10 mm., 
for light dam under tension just sufficient to prevent sagging. The resuKs 
described below were obtained with all three membranes;. but wo prefer 
the third type, which was used for all the graphic records shown in the 
figures. It offci-s the minimum rc.sistance to ventricular filling, consistent 
■^vith stabilit 3 ' of the membrane when the tambour is placed on its .side. 
'Fliis pfxsilion is ino.-Jt convenient, since it allow.s horizontal o.vcui-sion.s of 
tin; beam for recording on film moving vertically. 



RESPIRATORY VARIATIONS OF CARDIAC OUTPUT 


77 


All the membranes used operate under such low pressures that they 
probably cannot follow in detail the rapid changes of ventricular volume 
(Wiggers and Katz, 1922). They appear to be capable, however, of re- 
veahng any gross variations of diastolic or stroke volume. To test this, 
the lower chamber was again connected to the S3Tinge, and the piston 
moved at varjdng rates, up to 270 per minute. To the piston was attached 
a long lever, with a mirror pivoted at the fulcrum for optical recording. 
The membrane follows the displacement of the piston with fair accuracy. 
This is true whether the upper chamber of the tambour-is left open to out- 
side air (fig. 1C) or is connected to the intrapleural space of an animal 
breathing naturally (fig. ID). 

It may be pointed out that in figm*e ID the movements of the piston 
were not.S3mchronized vdth the cardiac cycle, yet they caused only minute 
changes of intrapleural pressure. Volume changes in the syi-inge and tam- 
bour must therefore have been compensated by a nearly equal movement 
of air in and out through the tracheh, the lungs acting as a second sensitive 
membrane in series with that of the tambour. In cardiometric recording, 
with the arrangement shown in figure lA, volume changes of the ventricles 
do not have to be so compensated by equal changes of air volume in the 
lungs. Each change of ventricular volume is accompanied by an opposite 
change in the volume of blood held in other thoracic vessels; and this re- 
distribution of blood in the cardiac cycle largely compensates for the move- 
ment of air back and forth between tambour and thorax. The air drawn 
into the trachea at systole, and expelled at diastole, needs only to equal 
the simultaneous change of blood volume in the thorax as a whole. Cal- 
culations of the latter are not in entire agi’eement (Hamilton, 1930; Blair 
and Wedd, 1939) ; but according to the highest estimate it amounts only 
to a fraction of the stroke output from one ventricle. 

Under the conditions diagrammed in figure lA, the membrane will be 
displaced to some extent by respiratory movements. This effect is of small 
magnitude. Assuming the resistance of the membrane to be negligible, 
the air in the entire system behaves as if it were held in a closed pneumo- 
thorax, expanding with inspiration in direct proportion to the reduction 
of intrathoracic pressure. The total air volume of the system, including 
the variable space of the cardiometer but not the actual pneumothorax, 
is approximately 460 cc., of which about 240 cc. is on the cardiometer 
side of the membrane. Supposing intrapleural pressure to change from 
755 mm. Hg at expiration to 750 mm. at inspiration, the displacement of 
the membrane in each respiratory cycle would be 5/755 x 240, or less 
than 2 cc. With deeper inspiration the respiratory displacement is pro- 
portionally greater, but it is always small in comparison to the stroke out- 
out fi’om the tivo ventricles of a large dog. The respiratory effect may be 
shown in uncomplicated form by connecting the upper chamber of the 
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tambour to the intrapleural space in the usual manner, and the lower 
chamber to a flask wdth a fixed air space of 100 cc. (fig. IE). 

The respiratory changes of intrapleural pressure are effectively trans- 
mitted to the cardiometer. Tins is shown by the fact that respiration can 
be recorded by a segment capsule connected either to the upper or to the 
lower chamber, vdthout appreciable difference in the magnitude of the 
excursions. Any displacement of the tambour membrane from its plane 
position imphes, of course, a pressure difference on the two sides; but the 
respiratory displacement involves a pressure difference of the order of 1 
mm. H 2 O, negligibly small in comparison vdth the respiratoiy changes of 
intrathoracic pressure. Ordinarily we recorded respiration by connecting 
the segment capsule to the outlet at R in figure lA. It was then possible 
to shift pressure on the ventricles from intrathoracic to atmospheric, or 
vice versa, wthout disturbing the respiratoiy record. A clamp may be 
applied at C 2 (fig. lA) and the clamp at Ci simultaneously released, opening 
the upper chamber of the tambour to outside air. This reproduces es- 
sentially the conditions existing in the experiments of Eyster and Hicks 
and of Gaboon, Johnson and Michael, referred to above. For comparison 
Ave have in each e.xperiment placed the A^entricles alternately under intra- 
thoracic and under atmospheric pressure. 

The actual pneumothorax required for proper operation of the system 
is not enough to embarrass the respiration seriously. Our experiments 
have been continued for thi’ee hours or longer, the animals remaining in 
good condition ivithout artificial respiration. The dogs used ivere large, 
Aveighing from 14 to 22 kgra. They AA^ere anesthetized by barbital-sodium, 
0.3 gi'am per kgm., giA’^en intraperitoneally. After tracheotomy, the chest 
was opened by resecting one rib for the greater part of its length. A cardi- 
ometer of suitable size Avas fitted OA'^er the A'entricles and the chest closed. 
Connections to the tambour AA'ere proAuded for by tAAm metal tubes of 9 
mm. bore, left in the incision. One led to the cardiometer, the other opened 
into the intrapleural space. 

Results. During complete respiratory standstill, induced by Aveak 
central stimulation of one sectioned vagus, diastolic volume and stroke 
output remain for a time nearly constant (fig. 2A). If the apnea is pro- 
longed, there is a A^ery gradual incj’case of both, accompanied by a rise of 
arterial pressure, and, if the second Amgus is intact, by a moderate sloA\dng 
of heart rate. 

I^Hien the animal is breathing, the Ica'cI of the entire cardionicter record 
rises AA’ith each inspiration. The rise is due, in part, to inspiratory ex- 
pansion of air in the system and the resulting upAA’ard displacement of the 
tambour; but this effect is relatiAmly small and does not continue into the 
expiratory pause (compare fig. 2D, first part, AA'ith fig. lE). When due 
allowance is made for it, there is still an eAudent insj)iratory increase of 
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ventricular volume, both at the end of diastole and at the end of systole. 
There is also an augmentation of stroke output. These effects are minimal 
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Fig. 2. Each lecord shows, from above down, ventricular volume, respiration, 
(intrapleural pressure), arterial pressure, and time in seconds. In A and D venous 
pressure is recorded below respiration. In A, B and C the ventricles were under 
intrathoracic pressuie throughout. 

A. Normal breathing, followed bj" lespiratorj" standstill from weak central stimu- 
lation of the light vagus (sign.al). This in tuin is followed by rapid and shallow 
breathing. 

B. Respiration initially rapid and relatively shallow. At the signal, the trachea 
was partially obstructed by a clamp. 

C. Begins 15 seconds after the end of B, the tracheal clamp being left in place. 
Note effects of deeper inspiration on diastolic and stroke volume. 

D. Both vagi sectioned. Ventricles under intrathoracic pressure (first part) and 
under atmospheric pressure (second part). Note reversal of inspiratory effects oa 
diastolic and stroke volume. 


when the breathing i.s shallow, more marked in ordinary quiet breathing- 
(fig. 2A). They appear in exaggerated degree when inspiration is deepened 
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and prolonged, either by obstruction of the trachea (fig. 2, B and C) or by 
section of both vagi (fig. 2D, part 1). 

Diastolic volume is maximum at the end of inspiration. With expiration 
it falls, but may require three or four beats to reach a steady minimum 
level. Stroke output falls simultaneously, and remains constant duiing 
the latter part of a prolonged expiratoiy pause (fig. 2D, part 1). At this 
time stroke output is near its minimum, but it becomes still smaller if the 
onset of the next inspiration happens to coincide nith the beginning of 
systole. The sudden lowering of intrathoracic pressure appears to impede 
somewhat the emptying of the ventricles. This factor, if it continues to 
operate throughout inspiration, is more than offset in the later stages by 
some opposing influence, presumably the increase of diastolic volume. 
Stroke output reaches its maximum either at the end of inspiration or with 
the first systole following the onset of expiration. The largest systolic 
excursions are registered when expiration and systole begin simultaneously. 
Such a systole starts from maximum diastolic volume, and leaves a residual 
volume smaller than was left at the end of the preceding systole. The 
emptying of the ventricles thus appears to be aided by a coincident rise of 
intrathoracic pressure. Several examples illustrating the behavior de- 
scribed may be found in figure 2. In some animals inspiration augments 
stroke output nearly as much as diastolic volume (fig. 2, B and C); in 
others, the increase of stroke output is smaller in proportion, and the 
volume left at the end of systole relatively large (fig. 2D, part 1). These 
individual differences may depend on the condition of the heart, or on the 
effective venous pressure. 

The respiratory effects described above appear only when the venti'icles 
are under intrathoracic pressure. If the upper chamber of the tambour 
is opened to outside air, and the ventricles thereby put under atmospheric 
pressure, their volume and output diminish vith inspiration. This con- 
firms the observations of Gaboon, Johnson and Michael (1940), made under 
similar conditions. Eyster and Hicks (1933) also noted an inspiratory 
reduction of stroke output, but a simultaneous increase of diastolic volume. 
We are unable to account for the discrepancy between the latter finding 
and our own. 

The reversal of the inspiratory effect, when the ventricles are placed 
under atmospheric prc&sure, seems due entirely to the abnormally high and 
unchanging resistance against which they must fill. Siirce the other 
thoracic ves.scls are left under svrbatmosphcric pressure, there is a backward 
gradient of external pressures, tending to dam blood back into the auricles 
and veins. This back pressure obviou.sly would increase during inspira- 
tion. Under these conditions right auricular prc.ssure, mea.surcd against 
atmospheric, remains nearly con.stant throughout the rcspiratoiy cycle 
(fig. 2D, part 2). Since external pre.s.surc on the auricles and veins is 
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reduced during inspiration, it is difficult to see how their internal pressure 
could be held constant, except through distention by an increased volume 
of blood. Normally, right auricular pressure is well known to fall during 
inspiration (fig. 2D, part 1). It may also be noted that the respiratory 
variations of stroke output are much gi-eater under atmospheric than 
under intrathoracic pressure. In the former condition, the inspiratory 
reduction of output is accompanied by a marked weakening of the carotid 
pulse, which may be almost completely suppressed by a deep inspiration 
(fig. 2D, part 2). Normally, the carotid pulse shows relatively small 
variations in the respiratory cycle. 

Discussion. Since the cardiometer record shows only the combined 
volume of the two ventricles, other data must be used to distinguish volume 
changes on the right from those on the left side. From the differential 
pressure studies of Wiggers (1914) and of Hamilton, Woodbury and Vogt 
(1939), one would expect inspiration, particularly if forced, to augment 
filling and output of the right ventricle. Its effect on the left is much less 
clear. We have invariably found, with deep and prolonged inspiration 
(vagi sectioned) a fall of pressure in the carotid artery. The fall is gi-eatest 
whe^ the ventricles are under atmospheric pressure, and under those con- 
ditions evidently is due, in part or entirely, to a reduction of output from 
the left ventricle. When the ventricles are under intrathoracic pressure 
the inspiratoiy fall of carotid pressure is less profound but is still present. 
It might be attributed either to a, reduced left ventricular output, masked 
on the cardiometer record by a simultaneous and gi’eater increase of output 
on the right side; or to h, inspiratory lowering of external pressure on the 
arteries in the thorax, reducing the total resistance against which the left 
ventricle empties. The latter explanation seems to imply an increased 
capacity of the thoracic arteries, and an inspiratory reduction of flow 
through arteries outside. It is difficult to reconcile either o or & with the 
observation of Machella (1936), that blood flow through the femoral 
artery is augmented during inspiration. 

The present paper has dealt only mth the variations of ventricular filling 
and output in the individual respiratory cycle, and not vdth the influence 
of respiratory movements on the mean cardiac output over longer periods 
of time. We realize that in the conscious human subject, under varying 
conditions of posture and muscular activity, the circulatory effects of 
inspiration and of expiration might differ somewhat from those observed 
on the anesthetized dog in the supine position. 

SUMMARY 

1. A method of cardiometric recording, designed for use -with the chest 
closed, is described. It maintains on the ventricles an external pressure 
which is always approximately equal to intrathoracic pressure, varying 
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in the normal manner with the phases of respiration. It can be alterna- 
tively used in such a way that the ventricles are left under constant atmos- 
pheric pressure. 

2. With the ventricles under atmospheric pressure, diastolic volume and 
stroke output diminish markedly with inspiration (confirming earlier 
investigators). These are abnormal effects, due to the artificially high 
resistance against which the ventricles are filled. 

3. With the ventricles under intrathoracic pressure, combined diastolic 
volume and stroke output of the two ventricles are augmented with in- 
spii’ation. These effects are most pronounced when inspiration is deep 
and prolonged. They are relatively small in quiet eupneic breathing, and 
are minimal when the breathing is rapid and shallow. 
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In a preceding publication Manery and Bale (6) reported the results 
of a survey of the extent and rate of penetration of injected radioactive 
sodium (Na*^) into mammalian tissues. There was some variation in the 
rate at which Na^^ penetrated the tissues from the plasma, but in eveiy 
case penetration proceeded until the tissue: plasma ratio of the radioactive 
isotope was the same as that for the normal sodium isotope. This value 
was never exceeded and therefore penetration was considered complete 
when equality of the ratios was attained. In many tissues entrance was 
complete in about 8 minutes and this finding, vdth some reservations (see 
(6)), was taken to indicate that all of the sodium contained in such tissues 
was extracellular. Na^^ entered other organs more slowly, complete pene- 
tration requiring several hours. In some instances the presence of a small 
amount of intracellular sodium was suggested, but in other cases the slow 
rate of entrance could be attributed to other causes. 

Since sodium and chloride differ so markedly in concentration in many 
tissues it seemed desirable to make a similar suiwey of the extent and rate 
of penetration of the radioactive isotope of chlorine (CP®). This was 
administered as the chloride of lithium. The isotope used disintegrates 
so rapidly that the information which can be obtained is limited. However, 
although the variation is fairly large, the data seem to show that radioactive 
chloride likewise becomes distributed from the plasma into most tissues 
until its tissue: plasma ratio is the same as that for normal chloride chemi- 
cally determined. There is more evidence of intracellular chloride in 
these data than there was of intracellular sodium in the data referred to 
above. A comparison of the beha^dour of the two unstable isotopes allows 
a more reasonable measurement of the extracellular water of many tissues 
than has hitherto been possible. An abstract of the experiments has already 
been published (5). A more detailed account wall be presented here. 

Methods and calculations. Radioactive chloride (nCP®)^ of half 

1 The radioactive salt was kindly prepared for us bj’- Dr. S. N. Van Voorhis and 
Dr. C. W. Strain of the Department of Physics, operating under a grant from the 
Rockefeller Foundation. We are particularly indebted to them for their excellent 
cooperation during these experiments. 
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life 3/ minutes (8) was administered in a 1 per cent solution of lithium 
chloride. Five rats were injected intraperitoneally with 2.1 ml. per 100 
grams of body weight and 5 rabbits intravenously via an ear vein vith 
2.8 ml. per kgm. of body weight. Although the half life of this chloride 
isotope is short, the activity was sufficiently high (5 millicuries per liter) 
to permit experiments of 5 to 6 hours’ duration. During this period the 
salt was dissolved, the solution injected into the animal and time allowed 
for its distribution. The animal wms then decapitated and bled. The 
tissues were dissected, ashed, subjected to the chemical procedures described 
below, and the radioactivity of the final solution determined vith a Geiger- 
Miiller counter. In some experiments two counters were used. The 
methods of dissecting the tissues, of determining chloride chemically, and 
of counting the solutions, were essentially the same as those described by 
hlaneiy and Bale (6). Separate samples were taken for the determination 
of radioactivity and of chloride by the chemical method. 

The lithium component of the salt also becomes radioactive during deu- 
teron bombardment, but since the half-life of the lithium isotope is only 
0.88 second its activity is soon dissipated. Although a reagent grade of 
lithium chloride was bombarded for these experiments it was found to 
contain a trace of an element other than chlorine or lithium which became 
radioactive. Sodium seemed to be the most likely contaminant. Hence 
the chloride of the solution was precipitated as silver chloride in the presence 
of an excess of sodium. The precipitate was dissolved and the final solu- 
tion showed a true decay curve of an isotope the half life of which was 37 
minutes. This solution was used as a standard of comparison for the 
unknown solutions. 

Similarlj'-, the chloride of each sample of tissue or body fluid was pre- 
cipitated as the silver salt and the radioactivity of a solution of the pre- 
cipitate determined. The samples were placed in 50 ml. centrifuge tubes 
containing sodium nitrate which Avas used to decrease the possibility of 
radioactive sodium being carried down in the silver chloride precipitate. 
Silver nitrate and nitric acid AA'cre then added as in most chloride methods 
in common use. The tubes were heated on a steam bath until the super- 
natant solution was clear, Avhich required 1 to 2 hours. They Avcrc sub- 
sequently centrifuged and cooled on ice to solidify the fat. The super- 
natant liquid was removed by suction, care being taken not to remove any 
of the fat globules. After Avashing the precipitate tAvicc AAoth distilled 
water it aa^us di.ssoh'ed in 2 to 20 ml. of 1 per cent solution of potassium 
cyanide. The fat present Avas likewise dissolved. Vigorous stirring and 
slight Avarming AA’cre sometimes neccssaiy to dissoh'^e the larger amounts 
of precipitate. This solution aa'us counted directly or diluted as desired. 
Although a solution of potassium cyanide Avas employed in all experiments 
reported here, ammonium hydroxide seems to be equally useful for dis- 
solving the precipitate. 
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The half-life of CP® is so short that its disintegration is perceptible during 
the 4 minute periods of counting. Hence each tissue was counted for 2 to 
5 periods carefully timed and the results for each period calculated from 
the theoretical decay curve. The averages of all the periods for each tissue 
are the figures presented in the tables. All values except those asterisked 
were calculated from counts which were many times the background count. 
Those which were tvnce the background or less were discarded. The 
greatest percentage differences between members in a series of 16 dupli- 
cate, triplicate or quadruplicate samples were 27 and 29 per cent while 
the average including these values was 11 per cent and excluding them was 
8.5 per cent. 

The methods of calculation and presentation of the data have been ex- 
plained in the previous paper (6) where the precise meanings of the symbols 
used are given. It vnll suffice to state that a value called (H20 )e or the 
extracellular water was calculated as follows in grams per 100 grams of 
fresh tissue : 

(H,0)eC1- = fesue counts per min, per kgm. ^ ^ ^ ^ ^ 

. plasma counts per mm, per liter 

These values were compared to similar values calculated from the chem- 
ically determined chloride. 

Results. It should be pointed out at the outset that no toxic effects 
of lithium chloride were observable in these acute experiments. Even 
after intravenous injection into rabbits there were no outward manifesta- 
tions of abnormal behaviour in 52 minutes. A comparison of the chloride 
concentrations of tissues reported here with those in 2 former papers (6, 7) 
shows that the electrolyte pattern was not appreciably altered by the 
treatment. 

Essentially only two periods of time were studied, a short period of a 
few minutes which was shown (6) to be adequate for radioactive sodium 
to enter the extracellular phase of tissues, and a longer period ranging from 
one-half to one hour which is suflficient for equilibrium to be established 
between plasma and most tissues. Penetration was taken to be complete 
when the value of (H20 )e calculated from CP® became equal to that cal- 
culated from Cl. The results for 5 rats are shown in table 1 and for 5 
rabbits in table 2. To conserve time the tissues were not always analyzed 
chemically for chloride. By consulting the data in references 6 and 7 it 
can be seen that the variation in tissue chloride between stock animals 
prepared in this manner is small. 

In many of the tissues listed in both tables the CP® values closely ap- 
proximate the Cl values. As in the radioactive sodium experiments the 
tissues can be divided into two groups, those in which the Cl and CP® 
values are equal indicating that the penetration of radioactive chloride into 
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the Cl-containing phase is completed rapidly, and those in which the Cl 
value exceeds the CP® value in all of the periods of time studied. Since one 
hour was the longest period allowed, before decapitation, we have no data 
to show that the CP® slowly penetrated the entire Cl-containing phase of 
tissues into which it was delayed, as was the case with radioactive sodium. 

TABLE 1 


Data obtained from rats injected inirapcriloneally vnih lithium chloride containing 

radioactive chloride 


TISSUE 

RAT 1 

RAT 2 

RAT 3 

RAT 4 

, RAT 5 

Rat weight (grams): 

294 

204 

334 

2S0 

2S4 

8 min. 

8 min. 

28 min. 



Values of (HsO)j. (grams per 100 grams fresh tbsue) calculated from 

Cl 


CIK 

Cl 

CIR 

Cl» 

Cl« 

Skin 


36 


48.6 


38 

32* 

Kidney 


126 (?) 


48.6 

74 (?) 

41 

38* 

Liver 

26.4 

97 (?) 

52 (?) 

27.7 

37 (?) 

24* 


Testes 

54.2 

80 (?) 

27 

53.8 

27 

22 

16* 

Gastrocnemius 

12.4 

13 

7.8 

14.8 

13 


12* 

Heart 

23.4 


21 


22 


22* 

Brain 

27.4 

4.2* 

2.6 

29.3 



negl. 

Plasma Cl (m.eq. per I.). . . 

102. S 


103.9 



Per cent distribution 



32 

29 

to 

CO 

25 

CP* perit, fl. 



8.1 


4.1 

4.6* 

3.9 

CP* (h=o)e 








Per cent dose in plasma 


3.3 

3.1 

7.0 

7.2 

8.2 


Negl. = negligible. 

* Values asterisked were calculated from counts which wore only 2 to 4 times the 
background count. 

(?) No significance is attached to the fact that these figures exceed the Cl A'alucs, 
since they are not substantiated by the data on rabbit tissues. It seems likely that 
contamination with peritoneal fluid occurred in spite of efforts to avoid it. A pool 
of peritoneal fluid Avas alAA-ays evident and its radioactiAu'ty, as the table sIioaas, is 
4 to 8 times that of plasma. 

Generalh’’ speaking, the fimt gi'oup contains skin, kidney, liver, gastroc- 
nemius, heart, abdominal muscle and tendon. The tissues of the second 
group, Avhich show a great difference between the Cl and CP® values, are 
testes, pyloric mucosa and brain. 

In considering the tissues of the finst group it can be seen that, with 
the exception of figures followed by a question mark in table 1, the Cl and 
Cl®® A'alues are similar c.xcept for the kidney of rabbit 4. The skin of rah- 
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bits (table 2) possesses more chloride than that of rats but its entire Cl 
phase seems to be quickly penetrated. Although the CP® and Cl values 
approximate each other in kidney cortex it is likely that the tubules con- 
tain intracellular chloride. Reference has been made to this point ndth 
regard to the rapid entrance of Na^^ into the Na phase of kidney (6). 

TABLE 2 

Data obtained from rabbits injected intravenously with lithium chloride containing 

radioactive chloride 



RABBIT 1 1 

RABBIT 2 

RABBIT 3 

RABBIT 4 

RABBIT 

5 


Rabbit weight (kgm.): 

TISSUE 

2.6 

2.9 

3.0 

2.9 

2.7 


11 min. 

41 min. 

45 min. 

48 min. 

52 min. 


Values of (HjO)j; (grams per 100 grams fresh tissue) calculated from 



Cl 

Cl” 

Cl 

Cl” 

Cl 

Cl” 

Cl 

Cl” 

a” 

Skin 


56 




53 

62.6 


61 

Kidney 


41 





45.4 

59 

41* 

Liver 


18 

19.8 

16 


17* 

21.4 

25* 

16 

Testes 


28 




24 

45.4 


46* 

Gastrocnemius 

11.6 

8.3* 

11.5 

8.4 

12.3 


11.4 

9.4* 

9.0 

Heart 

29.6 

31 

30.2 

29 

28.8 




28* 

Abdominal muscle 

15.8 

14* 

16.9 

14 

15.9 




18 

Pyloric muscle 

40.4 

30 

44.6 

40 

38.3 

26* 

43.8 


39 

Pyloric mucosa 


33 



52.4 

34* 

58.9 

38 

30 

Ear cartilage 

50.2 

37* 





48.5 


62 

Tendon 

57.1 

56 



58.4 



66 

59 

Brain 

31.8 

4.7* 




10 


11* 

9.5 

Plasma Cl (m.eq. 










per 1.) 

105.2 

98.8 

105.1 

101.5 


Per cent distribution... 

20 

17 

26 

17 

23 

Per cent dose in plasma. 

13 

12 

9 

13 

10 


* Values asterisked were calculated from counts which were only 2 to 4 times the 
background count. 


In the heart, abdominal, gastrocnemius and pyloric muscles the (H20 )e 
values calculated from CP® simulate those calculated from Cl. However, 
because there was some suggestion in the Na-^ data (see table 2 of reference 
6) that Na^^ did not enter the entire Na phase of muscle in 20 minutes, 
it should be pointed out that in ten corresponding pairs the CP® value is 
lower than the Cl value by an average of 18 per cent. In view of the large 
percentage difference between duplicate analyses (7 and 11 per cent for 
Na^^ and CP® respectively) these two sets of data scarcely support, but 
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certainly do not disprove, the proposal recently made for frog muscle by 
Conway et al. (3) that a small part of the total sodium and chloride of 
muscle might be intracellular. 

The data on cartilage and tendon as they stand (table 2) indicate that 
the entire Cl phase is freely accessible to CP®. It should be recalled that 
tendon is dense connective tissue with few cells and that cartilage is out- 
standing because the sodium concentration is greatly in excess of the chlo- 
ride concentration. CP® is not appreciably delayed in its entrance into 
the Cl phase of cartilage and it seems reasonable to consider that it repre- 
sents the extracellular phase of the tissue. The extracellular water of 
rabbit ear cartilage when calculated from chloride is only slightly less than 
the total water of the tissue as found by INIanery and Hastings (7). This 
leaves half the sodium content in a solid non-aqueous phase. 

Of gi'eater interest perhaps are tissues of the second group. Relatively 
small amounts of radioactive chloride are found in brain tissue even in 
one hour after injection. Judging from previous estimations of the hemo- 
globin content of brain (7) this is probably somewhat more than would 
be contained in the blood of the tissue but still is so small that only one 
third of the total chloride phase has been penetrated. Other instances 
of the slow penetration of substances into brain have been cited (6) and 
will not be repeated here. As vdll appear in the discussion these data 
cannot yet be taken to indicate intracellular chloride. 

Testes and pyloric mucosa are exceptional because the chloride content 
is greatly in excess of the sodium, making the Cl phase much larger than 
the Na phase. In testes only one-half of the Cl phase is penetrated by CP® 
in 45 minutes- The differences are large and consistent except for rabbit 5, 
The average value of (H20 )e for both types of animals calculated from CP® 
is about 28 wlrile that calculated from Cl is nearly 50. The Na value, on 
the other hand, is 30 (6, 7) for both rats and rabbits, which is almost the 
same as the CP® value. Radioactive chloride, then, has penetrated a vol- 
ume equal in magnitude to the Na phase in the periods of time studied. 
In our previous report data on Na®^ indicated that all but 20 per cent of 
the entire Na phase was entered rapidly by Na®^. It is possible that only 
this portion is penetrated by CP®. 

In pyloric mucosa a similar situation exists. The value of (HsO)^ cal- 
culated from CP® amounts to slightly more than half that calculated from 
Cl and is almost equal to the Na value. In this tissue, too, the figures 
indicate that CP® has entered a volume equal to the Na phase and has not 
progressed beyond it in 52 minutes. Whether the “excess" chloride (i.e., 
chloride in excess of sodium) found by analyses in stomach mucosa occurs 
within the secreting cells or in the lumen of the glands rather than in 
suppoiiing cells is not yet known, but in any case plasma chloride docs 
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not seem to freely diffuse into this volume or to exchange with the chloride 
already there. 

It seems improbable that the similarity of the CP® values to the Na values 
in these tissues is mere coincidence. A simple interpretation of the finding 
is to consider that all of the sodium found by analysis is contained in the 
extracellular phase. Into this phase CP® promptly enters, but it cannot 
exchange so rapidly with the remaining chloride, of the pyloric mucosa 
for example, because this portion is either intracellular or in the gland 
lumens. The rate of entrance into the second phase might depend on 
secretory processes which in tliis case were slower than diffusion. A 
similar interpretation might apj^ly to testes. If this interpretation can 
be accepted the extracellular water of both testes and pyloric mucosa would 
measure about 30 per cent of the wet weight. A moiu complete study of 
the rate of entrance into the entire Cl space would be desirable in order to 
demonstrate the existence of two phases entered at different rates. 

By way of summary a graphic comparison of representatives of the two 
groups of tissues discussed above has been made in figure 1. 

The water of the body into which the absorbed CP® became distributed 
can be calculated by assuming the same concentration in the water as in a 
plasma ultrafiltrate. This was called the per cent distribution (see equa- 
tion 5 (6) for the exact calculation) and may be taken as a good approxi- 
mation to the true volume of extracellular water.. It was found to be 
about 29 per cent of the body weight in rats (table 1) and about 21 per 
cent in rabbits (table 2). The results are more variable but are in fairly 
close agreement with similar values calculated for radioactive sodium. The 
urine was collected in each of the rabbit experiments and analyzed in order 
to ascertain the amount of CP® excreted. It was found to contain so few 
counts that collection and analyses of urine were omitted in the rat ex- 
periments. 

The ratio of Cl in peritoneal fluid: CP® in (H20 )e for rats (table 1) indi- 
cates that more time was required for equilibrium to be estabUshed in the 
case of lithium chloride than was obseiwed when sodium chloride was 
injected (table 2 of (6)). 

The rate of disappearance of radioactive chloride from the plasma of 
rabbits was likewise studied. Blood was collected from veins of the ear 
on the opposite side to that which received the injection, and was centri- 
fuged at once. In the 3 cases where collections were made in 5 to 8 min- 
utes after injection only about 15 per cent of the dose injected remained in 
the plasma. In the subsequent 40 minutes this dropped only a few per 
cent. The values obtained at decapitation are given in the tables. Again 
the isotopes afford an illustration of the rapidity with which diffusion occurs 
from the plasma into the extracellular fluid of the body. It should be 
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Fig. 1. A comparison of the values of (H.O)£ calculated from radioactive chloride 
(Cl*) with those calculated from radioactive sodium (Na*). 

Values of (HjO)E are calculated from ??a and Cl chemically determined (cross 
hatched blocks), and from the radioactivity of the isotopes Na’‘ andCl”, according 
to the equation given in “methods and calculations.” These values in grams per 
100 grams of fresh tissue for sodium probably closely approximate the extracellular 
water of each tissue. The figures on the horizontal axis refer to the period of time 
which elapsed between injection of the radioactive solution and decapitation. The 
radioactive Na values (Na*) were taken from Manery and Bale (6). 
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recalled (see equation 6 of reference (6)) that the actual plasma volume 
was not measured for these calculations. The blood volume was assumed 
to be constant. Hematocrit values were determined in the rabbit experi- 
ments but an average value Avas assumed in the case of rats. 

Discussion. It Avas shoAvn by Maneiy and Hastings (7) that mam- 
malian soft tissues could be grouped into a, those in AA'hich the Na:Cl 
ratios AA^ere the same as in an ultrafiltrate of plasma, and h, those Avhich 
contained chloride in excess of sodium. In other Avords the values of 
(H 20 )eC 1 equal those of (H 20 )ENa in group a but (H 20 )eC 1 is ahvays 
greater than (H20)ENa in group h. To a group c AA^e might relegate skeletal 
structures in Avhich (H20)ENa greatly exceeds (H20 )eC 1. A further 
characterization of these groups is noAv possible. Radioactwe isotopes of 
sodium and chloride penetrate all of the tissues of group a (except brain) 
Arith great rapidity, becoming distributed betAveen the tissue and the plasma 
to the same magnitude as the normal isotope. Neglecting minor differ- 
ences the tissues thus characterized are skin, kidney, liver, muscles and 
tendon. In group b, Avhere the Cl phase exceeds the Na phase in magnitude 
radioactiA'-e sodium enters the entire Na phase fairly rapidly but even in 
one hour radioactive chloride has penetrated only the Na phase and is 
definitely delayed in entering the entire Cl phase. Testes and pyloric 
mucosa are the outstanding members of this group. Our data on the rates 
of entrance of the radioactive isotopes into tissues of group c are rather 
incomplete but, since these are highly specialized, they require a rather 
different type of laboratory handling and of theoretical consideration. 

The data obtained using radioactive sodium and chloride, if interpreted 
as indicated above, lend some support to the hypothesis of Manery and 
Hastings that there are three chemical phases in tissues : 1, the extracellular 
phase, (E)p, Avhich is in ionic (Donnan) equilibrium Avith plasma; 2, an 
intracellular phase, (C)i, Avhich contains neither Na nor Cl; and 3, an intra- 
cellular phase, (C) 2 , which contains Cl but not its equivalent of Na. Fur- 
thermore, a method using these tAV'o isotopes is suggested for measuring 
the extracellular Avater of tissues Avhere the method based on the analyses 
of the total Na and Cl failed, and for fractionating the Na and Cl of a 
tissue so that a measure of the intracellular portion of sodium and chloride 
can be attained. 

It should be reiterated that these properties of tissues have been stated 
in the most general terms and that each tissue requires particular considera- 
tion. Brain, for example, contains sodium and chloride in ultrafiltrate 
proportions Avhich suggests that the Na and Cl exist in the extracellular 
phase of the tissue. HoAA^eA'^er neither radioactive sodium nor chloride 
enter the NaCl-containing phase of brain for long periods of time after 
administration, and in this regard they do not differ from phosphate Avhich 
is usually intracelllular. Before the sIoav penetration can be taken to 



92 


JEANNE F. MANERT AND LORRAINE E. HAEGE 


indicate intracellular NaCl other factors which might prevent free diffusion 
into the extracellular phase of the tissue must be considered. It is difficult 
to ascribe this difference in the rate of penetration between brain and other 
tissues of group a to the number and distribution of capillaries, although 
the white matter is considered by Cobb and Talbott (2) to contain fewer 
capillaries than grey matter or resting muscle. It is this portion of the 
blood-brain barrier, namely, that located in the region of the cerebral 
capillaries which concerns us, and not the barrier at the chorioid plexuses. 
Wallace and Brodie (9) have likewise been interested recently in this 
portion of the barrier. 

Histological differences betv/een cerebral capillaries and those elsewhere, 
which could give rise to different permeability properties, have not been 
clearly demonstrated. It has been known however that certain dyes, for 
example trypan blue (see (4) for review) will not pass through cerebral 
capillary walls although they easily traverse those of other tissues! It 
would be surprising if ions like sodium, chloride and phosphate were de- 
layed at the cerebral capillary walls from entering brain extracellular 
space. Real differences seem to occur between brain and other tissues in 
the relation of the connective tissue elements to the capillary walls and 
to nerve cells (Cobb, 1). Perhaps diffusion through the extracellular space 
is slowed by virtue of this particular arrangement. Until more informa- 
tion is available, therefore, we do not know whether the mode of pene- 
tration of radioactive sodium and chloride into brain is indicative of 
intracellular sodium and chloride or is due to some other factor, 

SUMMARY 

The extent and rate of penetration of CP® into rat and rabbit tissues 
were measured by comparing the ratio of the tissue: plasma concentration 
of CP® to a similar ratio for Cl chemically determined. When the two 
ratios were equal penetration was complete. 

Penetration was completed in a few minutes after injection in Iddney, 
liver, muscles, cartilage and tendon. CP® did not enter the entire Cl- 
conlaining phase of te.stcs and pyloiic mucosa even in one hour but pene- 
trated a volume of tissue equal in magnitude to the Na phase. Only a 
trace of the radioactive isotope was found in brain. 

The significance of these findings is discussed. 


c wish to expre.ss our indebtedness to Dr. W. F. Bale of the Depart- 
ment, of Radiology' for supervising the operation of our Geiger-Mullcr 
co\uiter, and for a.«sisting with a second counter in some of the experiments. 
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It is generally accepted that the principal action of phlorizin is upon 
the kidneys (1, 2), where reabsorption of glucose from the glomerular 
filtrate by the cells of the proximal convoluted tubules is inhibited (3, 4). 
The crux of the problem of phlorizin glycuresis now appears to lie in de- 
termining what specific cellular mechanisms are involved in the “active” 
processes of tubular reabsorption and what phase of these processes is 
interrupted by phlorizin. 

In 1933 Lundsgaard suggested (5) that “the ‘active’ step in tubular 
reabsorption of glucose consists of phosphorylation [which he associated 
\sdth the large amounts of phosphatase present in kidney tissue] and that 
the effect of phloiizin is to block phosphoiylation.” In support of this 
view, Lundsgaard reported (5) that phlorizin in M/200 to M/50 concen- 
tration definitely inhibits both dephosphorylation of glycerophosphate by 
renal extracts and the formation of phosphoric esters in muscle pulp. 

The attempt to relate phosphorylation of glucose to the synthesizing 
action of renal phosphatase soon led to difficulties and many questioned 
the validity of this whole concept of glucose reabsorption and phlorizin 
glycuresis; 1. Lundsgaard himself subsequently found (6) that the dosage 
of phlorizin necessaiy for maximal glycuresis in perfused pump-lung- 
kidncy preparations was only about J that required for inhibition of esteri- 
fication in muscle pulp. This discrepancy later appeared to be explained 
by the observation (7) that phlorizin following injection is concentrated 
in the proximal convoluted tubules where glucose reabsorption takes place; 
but whether it is sufficiently concenti'atcd to inhibit renal phosphatase 
was not deteiminetl. 2. Lambrechts found (7) no parallelism between the 
glycuretic action and the in vitro inhibiting effect on renal phosphatase of 
various .substances related to phlorizin. Phloroglucin and salicin, which 
are not glycuretic.s, slightly inhibited renal phosphatase activity in vitro 
whereas arbutin and phlorin caused glycosuria but did not inhibit the 
enzjTuc. Z. The in vitro inhibition of renal phosphatase activity by 
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phlorizin reported by Lundsgaard (5) was found to be inconsiderable by 
subsequent investigators (3), particularly in properly buffered solutions 
(8). 4. No consistent difference was observed between the phosphatase 
activities of renal extracts of phlorizinized and normal rats (3). 

These discrepancies led Walker and Hudson (3) and others to infer that 
phlorizin does not cause glycuresis b 3 ’' inhibiting renal phosphatase, a 
conclusion which is supported by our results. We have employed the 
Gomori-Takamatsu liistochemical technique (9, 10) for demonstrating 
phosphatase in tissues. This method permits of precise cellular locahza- 
tion of the enzjune and also gives a rough measure of the amount of enzyme 
present. 

It can be shown in this way that the proximal convoluted tubules are 
extremelj'’ rich in “alkaline” phosphatase (9-12), which is lai'gely con- 
centrated at or near the luminal border of the cells. We found no indica- 
tion either by this direct liistochemical approach or by conventional chemi- 
cal methods of any significant inhibition of the renal phosphatase activity 
of the proximal convoluted tubules in maximally phlorizinized animals 
as compared ivith normal controls. This result was obtained in both 
acutely and chronically poisoned rats and followdng direct injection of 
phlorizin into one renal artery of the dog by the Zuntz technique (1). 

Procedure. 1. Acute 'phlorizin poisoning. Sixteen albino rats weigh- 
ing about 200 grams were injected intraperitoneally vdth 10 mgm. phlorizin 
(recrystallized) in 2 cc. of 2 per cent sodium bicarbonate. Fifteen minutes 
after injection a urine sample for sugar determination was obtained from 
the first rat, which was then sacrificed. This procedure was repeated at 
intervals up to 90 minutes after injection. A part of each kidney was 
fixed immediately for histochemical examination. Another portion was 
weighed, ground, extracted with water and the “alkaline” phosphatase 
activity of the extract determined by the King and Armstrong method 
(13). Unincubated aUquots of the aqueous extracts gave control readings. 
The results are expressed in units = number of milligrams phenol liberated 
per hour. Kidney sections from 4 untreated rats served as controls. 

2. Chronic phlorizin poisoning. Tlwee albino rats weighing about 200 
grams were given daily subcutaneous injections of 20 mgm. phlorizin in 2 
cc. peanut oil for 5 days. Quantitative sugar analyses were made on meas- 
ured 24 hour urine samples. The kidneys were studied histologically 
and chemically by the methods indicated. 

3. Zuntz experiments. After sodium pentobarbital anesthesia and pre- 
liminary saline infusion (300 cc.), the Iddneys, renal arteries and ureters of 
three dogs were exposed by posterior approach. No. 6 French ureteral 
catheters were then tied in place. When approximately equal urinary flow 
from both kidneys was established, control urine samples were collected 
for sugar and non-protein nitrogen determinations and small biopsies 
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from each cortex were obtained. HemoiThage was controlled by cautery. 
Phlorizin was then rapidly injected into the left renal artery in a dosage of 
0.5 mgm./kgm. body weight (in 0.5-0.75 cc. 2 per cent sodium bicarbonate). 
The right artery was temporarily occluded by extrinsic pressure during 
injection into the left. Specimens of urine and biopsies of the renal cor- 
tices were taken immediately after the injection and at intervals thereafter. 
Sugar and non-protein nitrogen were estimated in the urine samples by 
the Fohn-Wu methods. Histochemical and chemical studies were made 
of the renal cortex biopsies as described. 

The Gomori-Takamatsu technique^ involves incubation of uniform, 
thin, mounted sections for 2 hours at 38°C. in a mixture of sodium /3-gly- 
cerophosphate and calcium nitrate buffered at pH 9.1 with sodium barbital. 
At the sites v/here phosphate is liberated from the substrate through the 
action of the enzyme, a colorless calcium phosphate complex is formed. 
The sections are then immersed into silver nitrate solution and simultane- 
ously exposed to ultraviolet light. Brown granules appear where the 
complex has formed as a result of the enzjmie activity. Serial sections of 
phlorizinized kidneys were made to exclude local variations; and to facili- 
tate comparison with controls, the sections were mounted on the same slide. 
The enzymic activity of the cells of the proximal convoluted .tubules could 
be estimated adequately by the following criteria; intensity of color and 
size of the gi’anules, the distance between them, and the proportion of the 
cytoplasm occupied. The activity was graded from 4-b to l-j-. By rigid 
uniformity in the steps of the technique, satisfactorily reproducible results 
could be obtained. 

Results. 1. Acute phlorizin poisoning (table 1, fig. lA, B). Fifteen 
minutes after injection, wdien glycuresis was already maximal, the phos- 
phatase activity of the proximal convoluted tubules by the histochemical 
method -svas unchanged as compared wdth the controls. Chemical analyses 
of the renal cortex however showed a moderate, but consistent and per- 
haps significant reduction. Thirty minutes after injection, when glycuresis 
was still maximal, the results by both methods show^ed no significant de- 
crease. One kidney in 2 animals gave slightly less enzymic activity by 
the histochemical method. Sixty and 90 minutes after injection, wdien 
glycosuria was still maximal, enzymatic activity was normal by both 
methods. No convincing inhibition of the “alkaline” phosphatase activity 
of the proximal convoluted tubules Avas observed in the acute experiments. 

2. Chronic phlorizin poisoning (table 2). In 2 of the animals in which 
urinarj^ excretion of sugar was pronounced, averaging 2 grams a day, the 
chemical and histochemical determinations .showed essentially normal 

’ \\c employed the improved procedure of Kabat and Furtli (12) to whom wc arc 
greath' indebted for details in advance of publication. Magnesium salts were not 
added to the substrate mixture. , 
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“alkaline” phosphatase activity. One kidney showed a slight decrease 
by the histochemical method, of doubtful significance. In the third 
animal, in which glycuresis was less marked, similar results were obtained 
by both methods. 


TABLE 1 

Renal “alkaline” phosphatase activity of rats after acute phlorizin poisoning 
{intrapcritoncal injection of 10 mgm. phlorizin) 


nxT 

MINUTES 

URINE 

QUALI- 

TATIVE 

SUGAR 

“alkaline** PHOSPHA- 
TASE ACTIVITY OF 
RENAL CORTEX TISSUE 

NUM- 

BER 

AFTER 

INJECTION 

Histochemical 

Chemi- 

cal 






j 




units 

loram 

1 


0 

4+ 

3+ 


2 

Control 

0 

4+ 

3+ 


3 


0 

4+ 

4+ 

370 

4 


0 

4-f- 



5 


4+ 

4+ 

4-k 

202 

6 

15 

4-i- 

4+ 

4+ 

288 

7 


44- 

4-k 

4+ 

312 

8 


4+ 

4+ 

44- 

266 

9, 


3+ 

2+ 

34- 


10 

30 

4+ 

2+ 

44- 



RAT 

NUM- 

BER 

MIN- 

UTES 

AFTER 

INJEC- 

TION 

URINE 

QUALI- 

TATIVE 

SUGAR 

“alkaline** PHOSPHA- 
TASE ACTIVITY OF 
RENAL CORTEX TISSIH: 

Histochemical 

Chemi- 

cal 








units 






/gram 

11 


44- 

44- 

44- 


12 


44- 

44- 

44- 

384 

13 


44- 

44- 

44- 


14 

60 

44- 

44- 

44- 


15 


24-- 

44- 

44- 


16 


4-f- 

44- 

34- 

362 

17 


44- 

34- 

44- 


18 

90 

34- 

34- 

44- 


19 


3-f 

44- 

44- 


20 


44- 

4+ 

44- 

422 


TABLE 2 


Renal “alkaline” phosphatase activity of rats after chronic phlorizin poisoning 
(Jive daily subcutaneous injections of SO mgm. phlorizin) 


RAT NUMBER 

AVERAGE DAILY 
URINE SUGAR 

PHOSPHATASE ACTIVITY OF RENAL TISSUE 

Histochemical 

Chemical* 

Right kidney 

Left kidne 3 ' 


grams 



units/gram 

21 

1.9 

44- 

44- 

224 

22 

2.2 

24- 

44- 

260 

23 

0.7 

44- 

44- 

326 


* Determinations made on cortex and medulla of half a kidney. Average value of 
3 normal rat kidneys prepared the same way: 276 units. 


3. Zuntz experiments (table 3, fig. 1C, D). It was hoped that by in- 
jecting the di’ug into one renal artery the enzyme activity could be studied 
in kidneys that were excreting different amounts of glucose. We were 
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unable to take biopsies of the right (non-injected) kidney before sugar 
appeared in the urine samples of that side. A probably significant differ- 
ential in sugar excretion was obtained, however, in urine specimens taken 
3 minutes after the injection. No convincing decrease in the phosphatase 
activity of the proximal convoluted tubules was found in the kidneys 
excreting large amounts of glucose as compared vdth the same before the 
injection of phlorizin. 


TABLE 3 


Representative protocol showing results of injection of phlorizin into the left renal artery 
of the dog {Zuntz technique) upon the “alkaline” phosphatase activity of the 

renal cortex of both kidneys 



tJRINE 

j TTSStJE BIOPSIES OF RENAI, CORTEX 

EIDXET 

Minutes after injection 
collection was begun 


Glu- 

cose 

Minutes after injection 
biopsy taken 

Phosphatase 

activity 


Volume 

Histo- 

efaemi- 

cal 

■ 

1 

! 

! 

cc. 

mgm. 
per cent 



unit! 

/gram 

Left 

Before injection 

2.8 

95 

Before injection 

4+ 

135 

Right 

Before injection 

2.8 

61 

Before injection 

4+ 

159 


Injection; 8.4 mgm. phlorizin (0.5 mgm./kgm.) into left renal artery 


Left 

3 

2.6 in 2 min. 

980 

6 

3-1- 

111 

Right 

3 

2.9 in 2 min. 

810 

8 1 

4+ : 

1 

164 

Left 

10 

3.3 in 1| min. 

2090 

16 

1 

3-1- 

145 

Right 

10 

3.3 in 1| min. 

1980 

13 

4-i- 

70* 

Left 

20 

3.8 in 1§ min. 

1400 

23 

3+ 

63* 

Right 

20 

3.0 in 1^ min. 

1453 

25 

4-f- 

197 

Left 

30 

2.0 in 1^ min. 

1760 

35 

4-1- 

190 

Right 

30 

2.1 in IJ min. 

1620 

37 

4-1- 

106 

Left 

60 

1 .9 in 2 min. 

1880 

65 

4-f 


Right 

60 

1.5 in 2 min. 

1880 

65 

4-f , 



* Biopsies taken too close to cauterized areas. 


In the interpretation of the histochemical results several points had to 
be considered. 1. Phlorizin might have diffused out of the tissues during 
fixation by absolute alcohol or a hypothetical inactive phlorizin-phos- 
phatase complex might have been dissociated during fixation and the 
enzyme reactivated. In fresh tissue fixed only by freezing, no difference 
could be found in the renal ''alkaline” phosphatase activity of normal and 
phlorizinized rats. 2. During incubation, the water soluble phlorizin 
might have diffused out leaving a concentration in the tissues too low for 
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Fig. 1. Photomicrographs of kidney sections showing localization of “alkaline” 
phosphatase. A. Control rat, X460; B. Acutely phlorizinized rat (marked glycu- 
resis), X460; C. Dog before injection of phlorizin, XllO; D. Same kidney 10 minutes 
after injection (marked glycuresis), XllO. Enzymic activity, indicated by granules 
in proximal convoluted tubules, is unaffected by phlorizin. Glomeruli, distal con- 
voluted tubules and collecting ducts show no granules. 
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inhibition of the enzyme. When sections of normal rat kidneys were 
incubated in the presence of added phlorizin in concentrations up to i\'I/100, 
no reduction in enzyme activity resulted. 

Discussion. There is no evidence that phlorizin glycuresis is due to 
inliibition of the “alkaline” phosphatase present in the proximal convoluted 
tubules. There is considerable recent support, on the other hand, for 
Lundsgaard’s main thesis (5, 6, 14) that phosphorylation of glucose occurs 
in the course of tubular reabsorption; not through reverse catalysis of a 
phosphatase, however (15, 16), but by the action of a specific enzyme 
system, kidney phosphorylase (15, 17, 18, 19). The evidence for existence 
of such an enzyme in the kidney and the present concept of its action 
was reviewed recently by Cori (20) and by Ivalckar (21). It would appear 
that kidney phosphorylase constitutes part of the specific cellular mecha- 
nisms postulated to explain the rapid transport of glucose from the lumen 
of the proximal convoluted tubules to the blood-stream. In this scheme, 
the role of the "alkaline” phosphatase of the proximal convoluted tubules 
is to dephosphoiylate hexose-phosphoric esters. Our results suggest that 
it is not this latter step Avhich is blocked by phlorizin. This is in accord 
vdth the work of Kalckar (15, 17) which indicates that phlorizin inhibits 
glucose reabsorption by blocking some phase of the action of kidney 
phosphorylase upon glucose. 


SUMMARY 

No significant inhibition of the “alkaline” phosphatase activity of the 
proximal convoluted tubules was found by histochemical or chemical 
methods in acutely and chronically phlorizinized rats and in dogs. 
Phlorizin glycuresis apparently is not due to blocking of dephosphorylation 
by “alkaline” phosphatase in the kidney tubules. 
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Langendorff (1887) and Girard (1890) observed contractions of one-haF 
of the diaphragm in rabbits and dogs after an ipsilateral semisection of the 
spinal cord above C 3 and severance of the contralateral phrenic nerve. 
Schiff (1894) and Porter (1895) showed that the crossing of the respiratory 
impulses occurred only at the level of the phrenic nuclei. Rosenblueth 
and Ortiz (1936) found that the interruption of afferent nerve impulses 
■was not responsible for the phenomenon. The phenomenon occurred in 
the absence of asphyxia. Reversible transient crossed contractions were 
obtained by reveraible blocks of the phrenic nerve with ether or direct 
currents. Crossing did not occur until all the motor fibers of the phrenic 
nerve were cut. Rosenblueth, Klopp and Simeone (1938) proved that 
the phenomenon was independent of the respiratory center by stimulating 
electrically the respiratory tract above C3. It was their conclusion that 
crossed contractions occur directly as a result of blocking motor fibers, 
that the central changes are mediated by some process not requiiing the 
conduction of nerve impulses, and that once the crossed path has been 
opened subsequent crossings are more readily obtained. 

The present study was undertaken to determine the effect of some drugs 
on the crossed phrenic phenomenon. 

Method. Rabbits and cats were employed. The experiments were 
performed under dial anesthesia (Ciba, 0.6 to 0.7 cc. per kgm., intra- 
poritoneally). In all the animals the cord was semisected at C 2 , producing 
a respiratory hemiplegia. The diaphragmatic contractions were recorded 
as described by Rosenblueth, IGopp and Simeone, by using Head’s slips, 
which attach to the .xyphoid cartilage. In the records obtained by this 
procedure, diaphragmatic contraction is denoted by upward excursions of 
the tracing. All drugs were given intravenou.sly into the jugular or femoral 
veins. Atropine (1 mgm. per kgm.) was given before the injection of 
pro-stigmin or cscrine. Acetylcholine solutions were prepared fresh from 
the cry.stalline hydrochloride. Stimulation of the vagus nerves was ac- 

^ George Cheyne Shatlunk Memorial Fellow, nncl JefTries Wymnn SclioUir of the 
Hr.rv.'ird Medieiil School. 


102 



CROSSED PHRENIC PHENOiHENON 103 

complished with alternating shocks from a Harvard induction coil with 5 
volts in the primaiy circuit, bj' means of shielded silver electrodes. As- 
phyxia was produced by attaching to the tracheal cannula a rubber balloon 
containing expired air. 

Results. A. Prosligmm. Of the 2 cats and 9 rabbits on which ob- 
servations were made, following the injection of prostigmin, permanent 
crossing was obtained in 1 cat and in 1 rabbit, reversible crossing was 



Fig. 1 . Cat; dial; atropine (1 mgm. per kgm.). Left spinal semisection at Cj. 
Time signal; 30 sec. In this and the following figures the upper record corresponds 
to the right and the lower record to the left Head’s diaphragmatic slip. The lower 
signals indicate the following procedures; A, prostigmin (0.5 mgm.) ; B, acetylcholine 
(100 7 ) — injections of acetylcholine before prostigmin had not produced any crossed 
contractions; C, acetylcholine (100 7 ) after denervation of the carotid sinuses; D, 
section of the vagi, first the left, then the right. 





Infill 

,h .'Ljl '1 1 

liHHiniinn 





Fig. 2. Rabbit; dial; atropine (1 mgra. per kgm.); eserine (2 mgm. per kgm.). 
Left spinal semisection at C 2 . 

A, acetylcholine (200 7 ); B, acetylcholine (300 7 ) after denervation of the carotid 
sinuses; C, eserine (0.6 mgm. per kgm.). 


noted in 1 cat (fig- 1 A) and 1 rabbit, and no crossing Avas seen in 6 rabbits. 
After the injection of eserine (1.8 mgm.) reversible crossing was noted in 
1 rabbit (fig. 2C). In the 2 animals that developed reversible crossing 
with prostigmin temporary crossed contractions had previously been 
elicited by asphyxia. Similarly, in the rabbit in Avhich eserine caused 
crossed contractions previous crossings had been induced by acetylcholine 
and by block of the vagi. 
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B. Acetylcholine. Observations were made on 1 cat and 8 rabbits- In 
none of these animals did acetylcholine produce crossing when injected before 
administration of prostigmin or eserine. After injection of these drugs, 
however, acetylcholine (50 to 200 y) caused transient crossed contractions 
in the 1 cat and in 7 of the 8 rabbits. In the cat and in 2 of the rabbits 
reversible crossing with acetylcholine after prostigmin (or eserine) occurred 
before and after denervation of the carotid sinuses (fig. IB, C and fig. 



Fig. 3. Rabbit; dial. Left spinal semisection at Cj. 

A, strychnine (0.2 mgm.); B, 7, and C, 90 minutes later; D, nembutal (6 mgm.). 



Fig. 4. Rabbit; dial; atropine (1 mgm. per kgm.); prostigmin (0.7 mgm. per kgm.). 
Left spinal semisection at Cj. 

asphj'xia; B, ether block of both vagi. 

2A, B). The changes in rate and amplitude of the respirations at the 
time of cro.ssing with acetylcholine were inconsistent (figs. 1 and 2). 

C. Strychnine. Observations were made on 4 rabbits. In 2 a per- 
manent cro.ssing took place after injection of 0.2 to 0.5 mgm. per kgm.; 
injection of nembutal (6 mgm.) to one of these rabbits dcpre.ssed only the 
crossed contractions (fig. 3), In another animal crossed effects did not 
occur until 0 mgm. of stiychnine had been given. The fourth I'abbit did 
not e.xhibit the cro.ssed i)henomenon with convul.sant do.ses of st rychnine; 
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crossed contractions appeared later after injections of prostigmin and 
acetylcholine. 

D. Section of the vagi. Rosenblueth and Ortiz (loc. cit.) reported that 
in cats and rabbits crossing was not observed after section of the vago- 
sympathetic nerves (13 animals). In the present observations, made on 
2 cats and 6 rabbits, permanent crossing was noted in 1 cat after this 
section. A similar permanent crossing was produced by vagal section in 
1 cat and 4 rabbits which had received prostigmin previously. In 2 rab- 
bits no crossing occurred on section of the vagi, but later permanent crossing 
was seen after section of the contralateral phrenic nerve. Two of the 
prostigminized rabbits in which there was permanent crossing when the 
vagi were cut, had shown reversible crossed contractions on block of these 
nerves by ether and by induction shocks (fig. 4B). 

E. Asphyxia. Observations were made on 2 cats and 8 rabbits. 
Crossing with asphyxia was seen in the 2 cats and -6 of the rabbits (fig. 
4A) . In one of the remaining rabbits no crossing took place with asphyxia, 
with strychnine, section of the vagi, prostigmin, or acetylcholine, and 
crossing only appeared after section of the phrenic nerve. The other rabbit 
showed crossed effects after a large dose of strychnine. 

Discussion. Rosenblueth and Ortiz (1936) showed that there are 
species differences with regard to the crossed phrenic phenomenon. They 
observed the phenomenon in dogs, cats, rabbits and woodchucks, but 
failed to find it in monkeys or guinea pigs. Section of the vago-sym- 
pathetic nerves produced crossed contractions in dogs (7 out of 8 animals). 
This procedure was at no time effective in cats or rabbits (13 animals). 
In our experience permanent crossing appeared in 1 cat on section of the 
vagi after a reversible crossing with asph 3 cda. Another cat and 4 rabbits, 
in which reversible crossed contractions had been produced by prostigmin 
and by acetylchohne protected by prostigmin, showed permanent crossing 
on section of the vagi. The only rabbit that developed permanent crossing 
after prostigmin had had the vagi cut previously. This indicates that 
after prostigmin cats and rabbits behave similarly to dogs on section of 
the vagi. 

Crossing was observed after prostigmin, and after acetylcholine when 
protected by prostigmin, in several of the animals studied. Carotid 
sinus stimulation was ruled out by denervation of the carotid sinuses in 3 
eases. Adrenal stimulation was shown to be of no importance by the 
failure of adrenaline to produce crossing. Strychnine produced crossing 
in 2 out of 4 animals. In 1 rabbit crossing did not occur with any of the 
drugs and section of the vagi, but crossed contractions followed section of 
the phrenic nerve. It appears, therefore, that section of the active phrenic 
is the most effective means of producing crossed contractions. 

The crossings during asph 3 rxia or after vagal section could be the result 
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of an increase (temporal or spatial) of the output from the respiratoiy 
center. During the crossings mth prostigmin, acetylcholine and strych- 
nine there, was no evidence in most of the records of such an increased 
respiratory output. In these cases, therefore, the action was exerted at 
the neuronal mechanisms in the spinal cord concerned in the crossing. 
It is possible that these drugs may enhance transmission in the central 
synapses involved. 

SUMMARY 

In cats and rabbits under dial anesthesia, with spinal semisections at C 2 
and consequent ipsilateral respiratory hemiplegia, crossed respiratory 
■ contractions of the paralyzed hemidiapliragm were produced or promoted 
by prostigmin or eserine (figs. 1 and 2), acetylcholine protected by pros- 
tiginin (figs. 1 and 2) , strychnine (fig. 3), section of the vagi after prostigmin 
(figs. 1 and 4), and asph 3 rxia (fig. 4). 

The data emphasize that differences previously noted between rabbits, 

! cats and dogs, wth respect to the crossed phrenic phenomenon, are only 
quantitative. 

The most efficient factor for producing crossed contractions is the section 
of the phrenic nerve (p, 105). 

The authors vish to express their appreciation of the advice and en- 
couragement given by Dr. A. Rosenblueth. 
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The ability of the thyroid gland to concentrate iodine has been clearly 
established by the early observations of Baumann, Marine and others (1) 
and more recently by investigations tvith radioiodine (2-5). Moreover, 
it has been shown recently that a large percentage of normal circulating 
iodine is constantly being removed by the thyi’oid gland. This was ob- 
served in studies in which^tracer’’^ amounts of radioiodine were introduced. 
As much as 65 per cent of the administered labeled iodine was removed by 
the thyroid gland in 24 hours (4). 

This selective activity of the gland is not restricted to iodine, for it 
has recently been shown that the next higher halogen, ekaiodine, is retained 
somewhat similarly (6). These observations raised the question whether 
the next lower halogen, bromine, would also be stored in thyroid tissue. 
Although several attempts have been made to compare the bromine 
content of thyroid with that of other tissue, many of the older observations 
suffered from inadequate analytical procedures employed for the deter- 
mination of bromine. More recently, however, Baumann, Sprinson and- 
Marine have shown that the hyperplastic thyroid contains more bromine , 
than the blood, whereas the resting colloid-containing gland has no more 
bromine than the blood (7). 

Experimental. Radiobromine was produced by the neutron bombard- 
ment of bromobenzene containing 5 per cent by volume of aniline according 
to the method of Lu and Sugden (8). The bromobenzene-anihne solution 
was shaken with water, and the aniline was removed from the water layer 
by extraction with ether. In this manner a water solution of radiobromine 
containing very little bromine was obtained; it was estimated that each 

1 Aided by grants from the Research Board of the University of California, Berke- 
ley. The assistance furnished by the Works Progress Administration (Official 
Project no. 65-1-08-652 Unit A6) is gratefully acknowledged. 

^ Rosenberg Bellow in Physiology. 

5 A “tracer” dose of iodine refers to a sample of radioiodine containing no carrier. 
Such a sample of radioiodine contains only insignificant amounts of iodine (4). 
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millicurie of activity was accompanied by an amount of bromine of the 
order of magnitude of 10“® mgm. Since eacb animal received less than 
50 microcuries of radioactivity, the total bromine administered was neg- 
ligible when compared with the amount present in the animal. In one 
experiment ICBr was added in an amount that made the dose received by 
each animal equal to 0.12 mgm. of Br. 

The bromine isotope used in this study was Br®^, which has a half-life 
of 34 hours (9). It was deemed advisable not to use Br®° (4.4 hr. half-life) 
because it undergoes an isomeric transition to Br®“ with an 18 minute 
half-life (9). Before the radioactivity of any tissue was determined, Br®" 
was allowed to decay to a negligible concentration. 

The solutions of radiobromine were administered intraperitoneally to 
rats and guinea pigs. At intervals thereafter the animals were anesthetized 
with nembutal. Blood samples were taken by heart puncture and the 
other tissues rapidly excised. All tissues were placed in large test tubes 
and thoroughly mashed bj’' means of a stirring rod with an AgNOs solution 
(1 cc. of 0.15 M AgNOs per gram of tissue). After digesting this mixture 
on the steam bath for 1 hour, 3 cc. of concentrated HNOs were added for 
e'ach gram of tissue and the heating continued for 8 hours. After diluting 
the digests rvith several volumes of water, the silver halides were filtered 
and mounted for the determination of radioactivity in the manner pre- 
viously described for iodine (4). In order to equalize the mass of the pre- 
cipitates of silver halides, 1 cc. of 0.02 M KBr was added in each case as 
carrier before digestion of the tissue was begun. This procedure was 
tested for recovery of bromine by the addition of radiobromine to inert 
tissue. The radiobromine was quantitatively recovered in all cases. 

Results. Distribution of 0.12 mgm. of injected labeled bromine in the 
tissues of normal rats. The content of radiobromine in tissues was meas- 
sured at 2 intenmls after the intraperitoneal injection of the sample of 
labeled bromine. The highest concentrations were found at both time- 
intersmls in the thyroid gland. Thus at 3 hours after its introduction, 2 
per cent of the administered labeled bromine was found in each gram of 
thyroid tissue, w'hercas 3 hours later 1.7 per cent was still present in each 
gram of this gland. Smaller amounts were found deposited in the liver, 
kidney, brain, salivary glands, pituitary and adrenals. Liver and kidney 
retained about equal amounts at the 2 time-intenmls, namely, 0.7 to 0.8 
per cent. Somewhat similar concentrations -were found in the salivary 
glands and the pituitary. The lowest concentrations appeared in the 
brain and adrenal glands. Average values of 0.29 and 0.25 per cent were 
obsen-ed in the former, whereas each gram of adrenal tissue contained 0.3/ 
and 0.31 per cent at 3 and 6 hours respectively. Wliolc blood contained 
higher amounts of the labeled bromine than all other tis-sucs except thy- 
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roid. Thus at 3 and 6 hours after the administration of the labeled bromine 
1.5 and 1.3 per cent of it was found in each gram of whole blood. 

TABLE 1 

The distribution of 0.12 mgm. of labeled bromine in the normal rat 


(Each rat received intraperitoneally 1.5 cc. of a solution containing labeled 

bromine as KBr) 


3 HOURS AFTER INJECTION 

6 HOURS AFTER INJECTION 

Rat 

number* 

Tissue 

Br 

activity 

per 

eramt 

Aver- 

age 

Rat 

number* 

Tissue 

Br 

activity 

per 

eramt 

Aver- 

age 

8 

Liver 

0.95 


11 

Liver 

0.62 

llll 

9 

Livdr 

0.75 


12 

Liver 

0.70 


10 

Liver 

0.63 

0 78 

13 

Liver 

0.71 






14 

Liver i 

0.69 

H 

8 


0 91 


11 . 

Kidhey i 1 

0.78 

I 

1 

j 

9 


0.89 


12 f . 

Kidney ; 

Esa 

J 

10 

Kidney 

0.81 

0.87 

13 , 

Kidney j J 

EH 

1 





14 1 

t 

» 

j Kidney 

i 

m 

j0!78 

8 

Brain 

0.27 


11 

1 

■ Brain 

i 

0|24 

! ' 

9 

Brain 

0.28 


12 

'Brain 

0{28 

1 

1 ( 

10 

Brain 

0.31 

0 29 

13 

jBrain 

0j26 






14 

•Brain 

0123 

! 

0.25 

8 

Whole blood 

1.43 


11 

1 

Whole bipod 

! 

1)38 

1 

9 

Whole blood 

1.53 


12 

.yVhole blood 

1.11 


10 

Whole blood 

1.48 

1 48 

13 

Whole blood 

i;37 






14 

Whole bipod 

1:51 

1.34 

7, 8, 9, 10 

Salivary glandsf 


0.73 

11, 12, 13, 14 

Salivary glands 


0.58 

7, 8, 9, 10 

Pituitaryt 


0.65 

11,12,13,14 

Pituitary 


0.57 

7, 8, 9, 10 

Adrenalst 


0.37 

11,12, 13,14 

Adrenals 


0.31 

7, 8, 9, 10 

Thyroid t 


2.02 

11,12,13,14 

Thyroid 


1.68 


* Male rats weighing 200 grams were used, 
t Refers to the per cent of the administered labeled bromine. 
t Tissues pooled from 4 rats. 


The distribution of a ‘‘tracer” dose of radiobromine in the tissues of normal 
guinea pigs and in guinea pigs treated with thyrotropic hormone. Twelve 
male guinea pigs weigliing approximately'^ 300 grams each were used in 
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this experiment. Six of these were treated with thyrotropic hormone"* 
over a period of 10 days before the injection of radiobromine. Blood was 
taken by heart puncture after the animals had been anesthetized with 
nembutal. The blood was allowed to clot and serum removed by centrif- 
ugation. The gastrocnemius muscle was taken as the sample of muscle. 

The highest concentrations, of radiobromine were found in the thyroid 
gland of both normal and hormone-treated guinea pigs. This is particu- 
larly well shown at the 24-hour interval. The highest concentrations of 
radiobromine per gram of liver, muscle and adrenal gland did not exceed 
0.32 per cent of the administered labeled bromine at the 2-hour interval, 

TABLE 2 


The dislribulion of a “tracer” dose of radiobromine in the tissues of normal guinea 
pigs and in guinea pigs treated with thyrotropic hormone^ 



AKlMAli 

NUMBER 

THYROID 

WEIGHT 





BKOMINE ACTIVITY* 











Thyroid 


Adrenal 

Liver 

Muscle 


*4 





Normal 

Treated 


Treated, per gram 

Normal, per gram 

Treated, per gram 

Normal, per gram 


6 

d 

u 

s 

2 

(U 

a 

1 

i 

5 

g 

g 

H 

Normal 

Treated 

Normal 

Treated 

Per gram 

Whole organ 

1 

o 

a 

a 

o 

JO 

*0 

Ci 

0. 

*5 

s 

O 

Z 

Treated, per 

Normal, per 

hours 

2 

1 

7 

m 


0.6S 



■ 

0.234 

0.178 

0.112 

0.167 

0.114 

O.lll 

0.489 

0.561 

2 

2 

8 





0.816 





0.139 


mml 


0.552 

2 

3 

9 



Ig 


0.73 




IQ 

0.170 

■ 



0.701 

24 

4 

10 



qI 




0.148 




0.0706 

0.0560 

0.346 

0.335 

24 

5 

11 



Me 1 

0.024 



0.143 

0.108 


[iiKsn 


[iKjyKyi 

0.322 

0.3S7 

24 

6 

12 


0.115 

III 


0.C41 

SI 

0.138 

0.139 

0.0887 

0.0844 

0.0785 

^8 

0.362 

0.358 


* Refers to per cent of the administered labeled bromine. 

t Each animal received subcutaneously 8 mgm. of thjTotropic preparation over a period of 10 days. 


whereas the values per gram of thyroid tissues ranged from 0.52 to 0.88 
per cent. At 24 hours the content of labeled bromine in liver, muscle and 
adrenal gland did not exceed 0.17 per cent per gram of tissue; at this time- 
interval thyroid contained from 0.40 to 0.70 per cent per gram. 

No significant change in the uptake of labeled bromine by liver, muscle 
and adrenal gland resulted from treatments with thyrotropic hormone. 
Despite the fact that the thyroid gland showed a greater avidity for labeled 
bromine than the other tissues examined, hypertrophied glands produced 

* Wc arc indebted to Dr. Q. Bartz of Parke, Davis and Company, Detroit, for the 
thyrotropic preparation used in this investigation. This fraction a.ssayed 4 guinea 
pig units per milligram. Tlic unit is defined as the total dose in milligrams injected 
subcutaneously once daily for 4 days into ISO to 200 gram guinea pigs that produces 
on the fifth day minimal but definite hj'perplasia of the thyroid in all of 6 animals. 
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by treatments vith thyrotropic hormone failed to show striking increases 
in their uptake of bromine when compared with normal glands. Thus at 
the 24-hour interval the hypertrophied glands contained an average of 
0.65 per cent of the administered labeled bromine per gram, as compared 
with 0.47 for normal glands. At the earlier interval the average values 
for normal and hypertrophied gland were respectively 0.59 and 0.81 per 
cent per gram of tissue. 

Comment. It is generally accepted that administered chloride dis- 
tributes .itself principally, if not entirely, throughout the extracellular 
phase and can be used to determine the extent of these phases in a tissue. 

TABLE 3 


Calculation of extracellular phase based on distribution of labeled bromine 


CONDITION 

TIME 

ANIMAD 
NUMBED ; 

THYROID 

F 

ADRENAL 

F 

LIVED 

F 

MUSCLE 

F 

f 

hours 

2 

1 

123 

43.8 

20.2 

20.6 

Normal ■{ 

2 

2 

87.8 

35.5 

20.3 

21.1 

[ 

2 

3 

101 

33.2 

20.9 

18.1 

( 

2 

7 

138 

28.0 

26.2 

17.5 

Treated 1 

2 

8 

131 

30.7 

22.2 

16.2 

1 

2 

9 

91.5 

40.2 

21.3 

17.7 

f 

24 

4 

132 

37.7 

26.0 

18.0 

Normal 

24 

5 

140 

39.2 

23.4 

20.3 

1 

24 

6 

95 

33.6 

21.6 

19.1 

[ 

24 

10 

162 

37.2 

19.6 

14.9 

Treated ( 

24 

11 

159 

38.4 

22.4 

16.8 

1 

24 

12 

158 

34.2 

20.8 

16.5 


Wallace and Brodie (10) compared with and concluded 

serum Br serum Cl 

that the distribution of both halides is similar in all tissues examined 
except the brain. In the case of the brain, however, equilibrium is estab- 
lished vdth the halides in cerebrospinal fluid rather than vuth those in 
serum. It was concluded from these measurements that a selective reten- 
tion of bromine by tissue cells is unlikely. Similar results were obtained 
by Weir and Hastings (11). 

In table 3 are shown the values for the extracellular phase of tissues 
based on the distribution of radiobromine. The calculations were made 
according to Hastings and Eichelberger (12), the assumption being made 
for the present purpose that radiobromide distributes itself freely between 
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serum and the extracellular spaces only. The following equation was 
used in determining the extracellular phase of tissues: 

^ _ Err X 0.95 X 0.92 X 100 

Br^xo.gg 

wdiere 

F = Extracellular phase as grams per 100 grams of wet tissue, 

Btt = per cent of the administered labeled bromine recovered per gram 
of wet tissue, 

Bvs = per cent of the administered labeled bromine recovered per 
gram of serum. 

The figures 0.99 and 0.92 are values accepted for the fractions of water 
in the extracellular phase and serum respectively; 0.95 is the value for 
the Gibbs-Donnan ratio. 

The average values for the extracellular phase of muscle, liver and 
adi'enals obtained by this type of calculation are respectively 18.1, 22.1 
and 36.0 grams per 100 grams of tissue. The results for muscle and liver 
agree satisfactorily with those of Weir and Hastings (11) and Wallace and 
Brodie (10). No values for the adi-enals are available for comparison. 

By this calculation, however, most of the values for extracellular phase, 
F, of thyroid tissue turn out to be greater than 100, i.e., greater than the 
entire mass of tissue. It is therefore apparent that the assumption upon 
wliich the F values for thyroid were determined is invalid. It may now 
be concluded that no simple relation exists betw'een serum and thyroid 
bromine similar to that obseiwed betw^een serum and the other tissues 
examined. 


SUMMARY 

1. The uptake of bromine by various tissues of the rat and guinea pJg 
was investigated wdth radioactive bromine as indicator. 

2. The normal thyroid gland as ■well as the hypertrophied gland pro- 
duced by injections of thyrotropic hormone show^ed a much greater uptake 
of labeled bromine than any of the other tissues examined. The content 
of radiobrominc in the thyroid was too high to be explained by simple 
diffusion from serum. 
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Jancso and Jancso (1) described in a preliminary report the presence of 
green fading fluorescing droplets in the pigment coat of the light adapted 
eye of the albino rat, and the absence of such fluorescence from the dark- 
adaptedj eye. In accordance t\dth the fluorescent microscopic study of 
Quern er (2), they ascribed this fluorescence to vitamin A. Jancso and 
Jancso in correlating their findings with those of Wald (3) spoke of the 
reversible formation of vitamin A from visual purple. 

The histological distribution of vitamin A in tissues of the albino rat 
has recently been more extensively studied (4, 5), and evidence was pro- 
\dded for the specificity of the green fading fluorescence in fixed tissue 
sections (for vitamin A); a short description of the retina of the light 
adapted eye was offered. In this paper we shall provide confirmation of 
the preliminary report of Jancso and Jancso, which, to our knowledge, 
has not yet been done. 

Methods and jn^TERiALS. Under the fluorescence microscope a green 
fading fluorescence of lipoids is characteristic for vitamin A. The tissue 
is prepared by short formafin fixation. Frozen sections mounted in water 
are examined shortly after cutting. 

The light is supplied by a mercuiy A'^apor bulb. The Ausible light is 
filtered out by a Corning Glass Filter no. 584, and a glass cell containing 
copper sulfate solution. An eyepiece filter cuts out the ultra-violet ligih' 
after it has passed through the tissue. 

Methylene blue staining does not significantly interfere Anth the fluores- 
cence of vitamin A. Thus a methylene blue stained section can lie cX' 
amined both in visible and in ultra-Auolet light. This assists in the locafe*^' 
tion of the A-itamin A fluorescence. A detailed description is given in ^ 
previous paper (4). 

Light adapted eyes A\-erc prepared in vivo by placing the rat under a 
bright light for at least an hour. Dark adapted eyes Avere prepared in vtvo 
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by placing the rat in a dark room for at least two hours. Partially light 
adapted eyes were prepared by putting dark adapted eyes in light for a 
few minutes. The eyes of rats taken directly from the laboratory are 
referred to as laboratory adapted eyes. 

The diets of the rats examined varied in their vitamin A content so that 
the rats were either completely deficient, partially deficient, normal or 
hypervitaminotic. Since 95 per cent of the vitamin A store is in the liver 
(6, 7), the nutritional state of the animal was evaluated by the vitamin A 
content of the liver as determined histologically and chemically. 

One eye of each animal was examined histologically and the other macro- 
scopically for visual purple content (colorimetric scale of Fredericia and 
Holm (8)). 

Results. On gross inspection the retina of the laboratory adapted eye 
was usually brick colored. Microscopically the vitamin A fluorescence was 
seen in the pigment coat in small droplets. The droplets were arranged 
around the peripheiy of the pigment epithelial cells and connected by green 
fluorescing filaments. The vitamin A fluorescence faded within a few 
seconds upon irradiation. Thus the hexagon shaped cells were outlined 
until the vitamin A fluorescence had faded to change all the pigment coat 
to the uniform non-fading green of the cytoplasm. Only the large cen- 
trally located nuclei imparted no fluorescence. 

In the examined frozen sections the retina was usually separated from 
the pigment epithelium except at the papilla of the optic nerve and at 
the ora serrata. The outer segments of the rod and cone layer were usually 
torn and remained within the pigment coat when the retina and pigment 
coat were separated. 

The rod and cone layer of the retina contained only minute traces of 
vitamin A. In addition, a green non-fading fluorescence was seen in the 
rod and cone layer and in the outer molecular layer of the retina. The 
nuclear layers were free of fluorescence. In the ciliary processes vitamin A 
fluorescence was seen in the interstitium: in the capillary endothelium and 
in the fixed connective ti.ssue cells. The posterior portion of the ciliary 
body was rich in vitamin A fluorescence (fig. 1, A). 

On gross inspection the retina of the dark adapted eye was deep red in 
color. Microscopically the vitamin A fluorescence of the pigment coat 
and of the rod and cone layer was cither absent or only seen in traces. 
The green non-fading fluorescence was changed to a definite rust-brown 
color in the pigment coat, in the rod and cone layer, and in the outer molec- 
ular layer. The absence of droplets vnth vitamin A fluorescence from 
the pigment coat gave it a uniform appearance on contrast to the hex- 
agonally outlined cells of the light adapted pigment coat. The vitamin A 
fluorescence of the ciliary body did not vary from that of the light adapted 
eye (fig. 1, B). 
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On gross inspection the retina of the partially light adapted eye was cither 
pink or light red in color. Microscopically it Avas similar to the dark 
adapted eye except for a few traces of vitamin A fluorescence in the rust- 
brown fluorescing pigment coat. 

The nutritional status of the rats did not significantly influence the 
fluorescence microscopic picture of the retina and the pigment coat. In 
vitamin A deficiency the vitamin A fluorescence might have been reduced 
but the fluorescence Avas neAmr completely absent from the light adapted 
eyes; not even in the ulcerated ejms in extreme vitamin A deficiency 
(table 1). 

In hypervitaminosis there Avas no apparent increase in the vitamin A 
fluorescence of the retina and pigment coat during light adaptation and 
the vitamin A fluorescence Avas absent during dark adaptation. 



A B 


Fig. 1 A. Section of posterior wall of a light adapted eye of an albino rat. Vitamin 
A fluorescence localized in: P, the pigment coat, and li, the rod and cone layer. 
Non-fading green fluorescence in the outer molecular layer, 0. 

Fig. IB. Section of dark adapted eye. Vitamin A fluorescence in the interstitium 
of the ciliary processes, C. P. The pigment coat, P, shows the dim non-fading rust- 
brown fluorescence. The blue fluorescence of the cornea, C, (appearing white in the 
black and Avhite photograph) should not be confused with the %dtamin A fluorescence. 

The vitamin A fluorescence of the ciliary jAroccsscs did depend upon the 
vitamin A nutritional status. It AA’as absent in Autamin A deficient and 
hypoAutaminotic animals. Its amount AA-as increased in hypervitamino.si.s. 

The vitamin A fluorcsceiAce and the green non-fading fluorescence of llm 
light adapted eye and the laist-broAvn fluorescence of the dark adapted eye 
Avere not changed by formalin fixation (for not more than 10 lirs.) or I))' 
in I'itro treatment A\'ith hydrogen peroxide, sodium hydrosuHite (as reducing 
agent), or normal ammonium hydroxide. Alcohol and acetone ronioA'cd 
the vitamin A fluorescence and the non-fading green and yellow-brown 
fluoresc(‘nce of pigment coat and retina. IDilule hydrochloric acid and 
glycerine left the vitamin A fluore-scence unchanged, but Avith (he former 
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the non-fading gi’een and rust-brown fluorescence was made even brighter 
while ■with the latter the non-fading green and rust-brown fluorescence 
was changed to a red. 

The cornea, lens and the other tissues of the eye did not show vitamin A 
fluorescence except for the adjacent fat cells wliich did show it in accordance, 
with the nutritional status. 

Discussion. There are two types of vitamin A distribution in the eye: 
1. In the ciliary body the vitamin A fluorescence is seen in the interstitial 
elements such as the connective tissue cells and the capillary endothelium; 
the distribution is similar to that of the meninges, serous membranes, 
lungs, etc. (5), and the fluorescence reflects the nutritional status of the 
animal. 2. In the pigment coat and in the retina there is a specific vitamin 
A distribution, which is practically independent of the nutritional status. 
It is instead dependent upon the state of light adaptation as described by 

TABLE 1 


Vilainin A Jlnorcscence of the pigment coat and rod and cone layer of the retina of 86 
albino rats under varied nutritional conditions and under 
varied states of light adaptation 


VITAMIN A FLUORESCENCE IN THE 
RETINA 

1 

VITAMIN A FLUORESCENCE OP THE LIVER 

1 Absent 

Traces 

Normal 

Hypervita- 

minotic 

Pos. 

Ncg. 

Pos. 

Neg. 

Pos. 

Neg. 

Pos. 

Neg. 

Laboratory adapted eyes 

8 


20 


10 


5 


Light adapted eyes 

2 




7 


4 


Partially light adapted eyes. . 

2 




5 




Dark adapted eyes 


8 


2 


9 


4 


Jancso and Jancso. Possibly there are reduced amounts in \dtamin A 
deficiency; but complete absence of %dtamin A has never been seen byus. 
Hemeralopia, then, is not the result of a complete absence of \dtamin A. 
A definite reduction of -vitamin A is not necessarily seen histologically. 
These findings therefore neither affirm nor contradict the adaptometric 
studies. 

The vitamin A in the second location depends upon the functional state. 
According to Wald it is formed from the -visual purple of the outer segments 
of the rods in light adaptation. There is an intermediate state during which 
the visual purple is changed to visual yellow in a reversible reaction. The 
■visual yellow is broken do-wn to colorless end-products, among which is 
■vitamin A. The \dtamin A is in part used again in the slow transformation 
back to -^risual purple. 

The liistological studies are in agi’eement Avith Wald’s cycle in that the 
vitamin A fluorescence is seen in light adaptation in concentrations de- 
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pending upon the degree of light adaptation; in that it is absent in complete 
dark adaptation; in that by far the strongest fluorescence is seen in the 
pigment coat and not in the rod and cone layer. Grossly these eyes showed 
high amounts of visual purple in the retina in dark adaptation, lesser in 
.partial adaptation and none in light adaptation. Whether or not the 
non-fading rust-brown fluorescence is due to visual purple or visual yellow 
cannot be determined. 

The visual purple or visual yellow droplets demonstrated in visible light 
(9, 10, 11) were not seen in fluorescence microscopy. We saw visual purple 
macroscopically (in accordance with Holm, 12) and ^dtamin A histologically 
in severe vitamin A deficiency contrary to Tansley (13) and Johnson 
(14) who report its absence. 

CONCLUSIONS AND SUMMARY 

There are twm types of \dtamin A distribution in the eye as shown by 
fluorescence microscopy, namely: a, in the ciliary processes where it de- 
pends on the nutiitional status and where it is independent of the state 
of light adaptation; and 5, in the pigment coat and in the rod and cone 
layer of the retina where it is functional. Here the presence of vitamin A 
does not depend on the nutritional state. Possibly there is a reduction in 
amount in vitamin A deficiency. As described by Jancso and Jancso 
the presence of vitamin A depends on the state of light adaptation. It is 
absent in dark adaptation. These observations are in agreement vnth 
Wald’s cycle describing the role of \dtamin A in vision. 
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Numerous invesligafors have shown that there are many pathological 
conditions in which the adrenals liypertrophy while other endocrine glands 
atroph}". Outstanding among the conditions in wluch this enlargement 
is reported to occur are injections of hormones, avitaminoses, inanition 
and infection (1-6). Histological changes in both the cortex and medulla 
have been described, but there is no clear cut evidence indicating whether 
these changes consistently iiu’olvc the cortex, the medulla or both. From 
the variety of changes which have been reported it seems probable that 
the part of the gland affected may depend upon either the nature or the 
severity of the pathological condition. Evidence for this is given by 
Deansley (6) who made a study, not only of the histological picture, but 
also of the volume changes in the cortex and medulla of the adrenals in 
mice when given injections of thyi'oxine, morphine or killed B. gaertner. 

Although many workers have rejjortcd enlargement of the adrenals in 
vitamin-Bi deficiency, data are lacking in regard to the extent of the 
involvement of each part of the gland. Sure (4) has reported a total 
enlargement of the adrenals in rats in vitamin-Bi deficiency which was 
50 per cent greater than that of the controls kept at the same plane of 
nutrition. 

In this study an attempt has been made to determine weight clianges in 
both parts of the gland in acute vitamin-Bi deficiency in the dog so that 
the portion responsible for the increased weight may be known. 

Methods. Seven young mature dogs weighing from 5 to 14 kgm. were 
used. Each dog was wormed, immunized against distemper, and main- 
tained on a normal diet for at least one week before the deficient ration 
was stai’ted. This ration, which was fed until acute symptoms of rdta- 
min-Bi deficiency appeared, consisted of: 

Per cent 


Casein 19 

Sucrose 60 
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Cottonseed oil 

Salt mixture (186)* 

Autoclaved yeast 

Agar 

Cod liver oil concentratet 


Per cent 
8 
4 
8 
1 


* Manganese and copper added. 

t Squibbs Adex Tablets — 1 tablet per day. , 

The ration was given ad libitum, the average daily consumption during 
the first week on the diet being 150 grams. After this time the food con- 
sumption became more variable. Five to six days before the appearance 
of acute symptoms the food intake averaged approximately 30 grams. 
Table 1 shows the initial and final body weights of each dog and the time 
required to produce severe symptoms of polyneuritis in each case (36-69 
days). Prior to the onset of acute s3rmptoms frequent attacks of vomiting 
occurred. Three to four days later the dogs became extremely spastic 
and presented the characteristic symptoms of acute Bi deficiency. All 
dogs were allowed to live 24 hours after the appearance of these symptoms, 
then killed, and the adrenals removed immediately. 

Determination of weights of the cortex and medulla. In order to save the 
cortex of the glands for physiological tests the following procedure was 
devised for determining the weights of the cortex and the medulla. Each 
pair of glands w’as dissected free of connective tissue and fat in a moist 
chamber and Aveighed in a w'eighing bottle. Each gland "was cut in half 
lon^tudinally and the medulla, which stood out clearly from the cortex, 
was carefully teased out by blunt dissection. All of the adrenal glands 
removed from the vitamin-Bi deficient dogs as well as from the controls 
were weighed in this manner (tables 1 and 2). 

To establish the range of variation of these ratios in normal dogs, the 
adrenals from 96 dogs obtained from the pound were dissected and ^veighed. 
Each dog was classified as to approximate age (inunature, mature, or old), 
sex, general, health, and, in the case of females, its stage in the estrual 
cycle. All dogs w'ere 'sveighed immediately after being killed. 

Baker (7) has showm that the -weight of the adrenal glands varies with 
the age and the w^eight of the animal and that the ratio of medulla -weight 
to cortex weight is approximately the same in mature males as in females 
in dioestrus. Hence, as a basis for comparison, only those dogs -were 
chosen that were healthy, mature, in dioestrus, in the case of females, 
and -srithin the same weight range as those in the series of Bi deficient 
animals (table 2). All of the data were analyzed statistically for signifi- 
cance of difference, using a formula for small samples given by Tippett (8). 

Results .axtd discussion. A common method used to indicate the 
.size of an organ is to cxpre.ss it as a per cent of the body w'cight. Com- 
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parison of the percentage organ weights for the vitamin-Bi deficient 
animals with those for normal animals will indicate whether any change 
in size has occurred. As a loss of body weight usually accompanies 
vitamin-Bi deficiency, the question arises whether the initial or the final 
body weight should be used in making these computations. Even though 
there is no actual change in size of an organ, if a marked loss of body weight 
occurred during the experimental period, the values obtained by expressing 
the organ weight as a per cent of the final body weight will be larger than 
those for normal animals. 

As McCarrison (1) and Jackson (5) have shown that the loss of body 
weight in the various avitaminoses is due not only to a loss of body fat 
but also to atrophic changes in the organs and tissues, it should be expected 
that a loss of weight of the endocrine glands would also occur. Hence, the 


TABLE 1 


Showing weights of adrenal glands in relation to body weight in vitamin-Bi deficient dogs 
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maintenance of the weight of a gland under conditions in which other 
organs are losing weight can be considered a relative hypertrophy. On the 
other hand, the hypertrophy can be considered as absolute if the weight of 
the gland, when expressed as a per cent of the initial body weight, is 
greater than that for normal animals. 

In order to take both of these factors into consideration computations 
were made both on the basis of the initial and of the final body weights 
(table 3). It can be seen that the increase in size of the gland is due to 
the cortex, which undergoes an absolute (3 A) as well as a relative (SB) 
hypertrophy. 

On the other hand, the medulla weights of the adrenals of the Bi deficient 
dogs, when expressed as a per cent of the initial body weight are lower than 
those for the normal animals, showing a tendency for this part of the gland 


























122 


JXTLIA E. GOODSELL 


to follow the same trend as most of the organs and tissues (table 3A). 
For this reason the atrophy would not be apparent if the medulla weight 


TABLE 2 

Showing variation in weight of adrenal glands in relation to body weight in normal 

mature dogs 
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were expressed as a per cent of the final body weight, as the loss in tolal 
body weight would mask the loss in weight of the medulla. 

An increase is also noted in the ratio of the weights of cortex to medulla 
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(table 3B). Baker (7) from a comprehensive study of the weights of the 
adrenals of 1250 dogs reported that the weights of cortex to medulla were 
approximately 6 to 1 in both sexes. The results for normal dogs obtained 
in tliis study showed average ratios of 6 to 1. Considering the com- 
paratively crude method employed, that the cortex might be saved for 
further work, this ratio corresponds well with Baker’s. In the Bi deficient 
dogs the average ratio for weight of cortex to medulla was 10.8 to 1 which 
is significantly higher than that obtained for the normal dogs. It can be 
seen that the increase in the ratio could be due either to an increase in 
cortex weight or to a decrease in medulla weight. From the results shown 
in table 3B it seems probable that both factors are involved. 


TABLE 3 

Comparison of adrenal glands of normal and of vitamin-Bi deficient dogs 
A. Expressed as per cent initial body weight 
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As the results presented above indicate that the cortex is responsible 
for the enlargement of the adrenal glands in vitamin-Bi deficiency in the 
dog, the question arises tvhether this necessarily means that there is an 
increased secretory activity of this part of the gland. Some workers have 
reported histological changes in the cortex under various pathological 
conditions which they have interpreted as an indication of increased 
activity. But as yet there is no direct evidence to justify this assumption. 
In a paper to follow, an attempt has been made to correlate weight changes 
of the cortex in vitamin-Bi deficiency with changes in activity as indicated 
by a biological test. 

SUMMARY 

1. The adrenal cortex undergoes both a relative and an absolute hyper- 
trophy in acute vitamin-Bi deficiency in the dog. 
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2. The adrenal medulla shows a tendency to atrophy. 

3. The ratio of the weight of cortex to medulla in normal dogs was 
found to be 6 to 1 whereas in the vitamin-Bi deficient dogs it was 10.8 to 1. 
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One of the outstanding changes described in the adrenal cortex in vita- 
min-Bi deficiency is the change in the distribution of lipoids. McCarri- 
son (1) and Kellaway (2), on the basis of histological studies, reported a 
■\rider distribution of the lipoids in the cortex in avian beri beri, Findlay 
(3) found a similar picture in the rat. That this change might conceiv- 
ably be related to functional activity seems probable, as the various com- 
pounds which have been isolated from the cortex and shown to maintain 
life in an adrenalectomized animal are steroid compounds and would there- 
fore be contained in the lipoid fraction of the gland. Zwemer (4), who 
made a study of adrenal morphology in various animals under both normal 
and pathological conditions, relates the wider distribution of lipoids to 
increased activity of the gland. Hoerr (5), on the other hand, does not 
think there is any good morphological evidence for indicating the function 
of the adrenal lipoids. Whitehead (6, 7) has shown that species variation 
must be considered in interpreting changes in cortical lipoids, and that the 
distribution changes "vrith sex and age. As it is debatable whether changes 
in morphology of the gland should be used to gauge its functional state a 
physiological approach to the problem seemed desirable. 

In 1936 Barnes, Kantner and Klawans (8) reported that aside from the 
gonads the adrenal glands Avere the only tissue wliich would jdeld an extract 
causing a lengthening of the OAupositor of the Japanese bitterling. Other 
investigators have shown that tliis reaction can be produced at will by 
various androgens and estrogens, and also by pure corticosterone (9 to 13). 
These results suggest that the bitterling test, though not specific for any 
one steroid compound, can be used to indicate the presence of this particu- 
lar group of compounds. As this test can be made roughly quantitative 
it might serve as a useful criterion of the functional state of the adrenal 
glands until the identity of the true cortical hormone (or hormones) has 
been established. 

Methods. A. Measurement of ovipositor lengths. Eleiner, Weisman 
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and Mishkind (14) and DeWit (11, 15) determined the extent of elongation 
of the o\dpositor of the bitterling by visual comparison vnth the length of 
the rays of the anal fin. Since the ovipositor may elongate to a distance 
two or three times the length of these rays this method is only suitable for 
^ detecting gross changes. In order to make the more accurate measure- 
ments necessary for quantitative study, an objective record of ovipositor 
lengths was obtained by photographing the ovipositor against a millimeter 
ruler at constant position and magnification (2X). This was done by 
holding the fish in a glass compartment against the side of a square glass 
container. The negatives were projected onto a sheet of paper (enlarge- 
ment 100 X), and the outline of the ovipositor traced. This outline was 
then marked off vdth a marking wheel and the o\dpositor length recorded 
in terms of the number of spacings made by the wheel. By photographing 
the ovipositor of one fish ten times and measuring each negative by this 
method the standard deviation was 4.3 (based on an average of 131 spac- 
ings). 

To eliminate the element of variability in initial ompositor lengths aU 
data are expressed as per cent lengthenings over the initial lengths; in each 
case the initial length was determined prior to placing the fish in the solu- 
tion. During the experimental period the length was determined at 
approximately 12-hour intervals. By using a running-water bath the 
temperature was maintained between 17° and 19°C. throughout the time 
these experiments were carried out (Jan. to May, 1940). 

B. Preparation of lipoids from the adrenal cortex. The glands used to 
test the bitterfing response were obtained from the dogs of the previous 
investigation, on which measurements of the weight changes in acute vita- 
min-Bi deficiency had been made. The cortex of the gland, which had 
been dissected away from the medulla, was thoroughly gi'ound with ether 
at room temperature. Ten cubic centimeters of ether per gram of tissue 
was used and the grinding continued for ten minutes. Tins procedure 
was carried out three times to insure complete extraction of the lipoids. 
Aliquots representing known amounts of cortex w'ere pipetted into liter 
beakers. After evaporating to diyness the extract was suspended in 
100 cc. of water at 55°C. and the solution made up to 500 cc. with water 
from the aquarium. Trvo fish were placed in each beaker after the solu- 
tions had reached the temperature of the water in the aquarium. 

C. Standardization of the bitterling response. In order to establish 
differences in the concentration of the active compounds in different 
glands it was necessary to work below- the concentration yielding a maximal 
lengthening. Barnes et al. (8) reported that the ex-tract from 0.75 to 1.0 
gram of adrenal cortex per liter of w-atcr wms necessary to produce lengthen- 
ing of the ovipositor. In some preliminar}'^ e.xporimcnts, performed during 
the fall months to check their results, it w-as found that a concentration of 
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less than a gram of cortex per liter of water failed to produce consistent 
lengthening in all of the fish treated. Consequently tins was the lowest 
concentration which could be used at tliis time. In order to determine 
whether concentrations gi’eater than 1 : 1000 would produce proportionately 
gi’eater lengthening, solutions were prepared with the aliquots represent- 
ing one, two and three gi-ams of cortex, each suspended in 1000 cc. of water. 
F our fish were treated mth each concentration. It can be seen from figure 1 
that there is less difference between the 3:1000 and the 2:1000 concentra- 
tions than between the 2 : 1000 and the 1 : 1000 concentrations. Thus the 
3:1000 is approaching the concentration that will produce a maximal 
response. With the 1 : 1000 concentration not only is the total lengthening 
less but also a regi’ession of the ovipositors begins at the end of 48 hours. 
No regression is noted in the ovipositors of the fish treated with the two 
higher concentrations even at the end of 66 hours. Treatment was stopped 
after this period of time because previous experiments had showm that if 
the fish Avere left longer in solutions of high concentrations, many of them 
died. On the basis of these observations the 1:1000 concentration Avas 
considered sufficiently below' the maximal concentration and Avas used in 
the experiments perfoi-med during the month of February, 1940. 

As lOeiner et al. (9) reported a change in sensitivity of the fish AAuth the 
approach of the breeding season (March to August), a second standardiza- 
■ tion of the bitterling response AA'as made in hlarch, 1940, before beginning 
the assay of adi-enal cortical steroids from the second gi’oup of dogs. Con- 
centrations of 1:1000 and 1:2000 A\'ere used, six fish being treated AA'ith 
each concentration. Since these loAver concentrations AA’ere not injurious 
to the fish, treatment Avas continued for 90 hours in order to obtain a more 
complete picture of the regi'ession of the oAupositors, The results given in 
figure 2 shoAA^ that the 1 : 2000 concentration produced a lengthening of the 
ovipositors of approximately the same magnitude as the 1 : 1000 concen- 
tration had produced in the preAdous standardization. And again there 
AA’ere differences both in the per cent lengthening of the ovipositors and in 
the time at AA'hich regression occurred. Since the 1:1000 concentration 
produced considerably gi'eater elongation in this month than in the pre- 
ceding month it Avas thought adAusable to use the loAver concentration in 
subsequent experiments. 

In assaying the cortical extract from the normal and the Autamin-Bi 
deficient dogs the per cent lengthenings of similar groups of fish treated 
during the same time inteiwal AA'ere compared. Tliis seemed preferable 
to comparing responses of the same group of fish treated fii-st Aidth extract 
from normal dogs and then a month later Aidth that from Bi deficient 
animals for the folloAAdng reasons : 1, no fish could be treated oftener than 
once a month, as preAdous experiments had showm less consistent responses 
wdien tests AA'ere run at more frequent interA'als; 2, the death of any of the 



128 


JTJUA. E. GOODSELL 


fish would alter the character of the groups, and 3, the change in 
age and condition of the fish would cause changes in sensitivity to the 
extract. 

Results. Group I. In February, 1940, 11 fish were treated with 
the extracts of the adrenal cortex from three dogs in w^hich acute symptoms 
of vitamin-Bi deficiency had been produced (table 1). During the same 
month, ten fish were treated with extracts from the adrenals of normal 
do^. In figure 3 the average per cent lengthenings of the groups of fish 
are plotted against time. Approximately a 43 per cent increase in ovi- 
positor lengthening is noted in the fish treated with the extract from the 
adrenals of the Bi deficient dogs over that obtained in the fish treated 
with the extract from the glands of normal dogs. 



Fig. 1. Bitterling response, February, 1940, to different concentrations of extract 
of adrenal cortex from normal dogs. 

Fig. 2. Bitterling response, March, 1940, to different concentrations of extract 
of adrenal cortex from normal dogs. 

Group II. In March, 1940, the responses of 15 fish treated with ex- 
tracts from the adrenals of two dogs suffering from acute vitamin-Bi 
deficiency were compared with those of 20 fish treated with extracts from 
the glands of normal dogs (fig. 4). Again, there is a mnch greater lengthen- 
ing of the ovipositors of the fish treated wdth the extract from the adrenals 
of the Bi deficient animals (about 50 per cent greater lengthening than 
in the controls). 

Group III. Eighteen fish 'were treated with the extracts from the 
adrenals of two Bi deficient dogs at the end of April, 1940. During the 
same time inter\'al 17 fish were treated with the extracts from the glands 
of normal dogs. Results are sho^vn in figure 5. The difference between 
the maximal per cent lengthening is not as great as in the two former 
groups (10 per cent). The smaller difference may have resulted from a 
further change in sensitivity of the fisli due to approach of the breeding 
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season. This theory is borne out by the progi-essive increase in per cent 
lengthening of the ovipositors of the fish treated vith the extract from the 
glands of normal dogs in successive months (table 1). If the sensitivity 
had increased, the concentration of 1:2000 of the extract from the adrenals 
of normal dogs was not sufficiently below that concentration necessary 
to evoke a maximal response and may even have been suflScient to produce 
maximal responses in some of the fish. However, the onset of regi’ession 
of the ovipositors was later than in the controls, a factor which was shown 
by the standardization to vary with the concentration of extract used, and 
one which can be used to make reliable comparisons. 

Comment. In analyzing the data statistically two factors have been 
considered: 1, the maximum per cent lengthening, and 2, the per cent 



Fig. 3. Bitterling response, group I, February, 1940, to 1:1000 concentration of 
adrenal cortical extracts. 


Fig. 4. Bitterling response, group II, March, 1940, to 1:2000 concentration of 
adrenal cortical extracts. 

lengthening at the end of 60 hours. Analysis of the results (Tippett, 16) 
based on the maximum per cent lengthening of the ovipositors shows that 
in groups I and II there are significant differences between the responses 
of the fish treated Avith the extract from the adi’enals of the Bi deficient 
dogs and those of the fish treated Avith the extract from the adrenals of 
normal dogs (table 1). In group III, which was run during April, the ten 
per cent difference over the normal in the maximum per cent lengthening 
of the ovipositors is not great enough to be statistically valid. 

The second comparison, of the per cent lengthening of the ovipositors 
at the end of 60 hours, was chosen because regression of the o^dpositors 
had begun in all of the fish by this time. In groups I and II this analysis 
gives almost identical results vdth those of the preceding method. By 
employing this method of analysis it is possible to validate the differences 
in the third group statistically (table 1). Thus a significant change in the 
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steroid compounds in the third group has been demonstrated in spite of 
the increased sensitivity of the fish. Due to a scarcity of fish it was im- 
possible to carry out a third standardization at this time. 



Fig. 5. Bitterling response, group III, April, 1940, to 1:2000 concentration of 
adrenal cortical extracts. 
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Discussion. As it has been demonstrated that the various .steroid 
compounds isolated from the adrenal cortex vary considerablj' in rc.spcct 
to their ability to m.aintain the life of adrenalcctomized animals, there is 
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the possibility that the greater potency of the extract from the adi-enals 
of the Bi deficient dogs may be due merely to a shift from a less active 
to a more active compound. However, from the results obtained in this 
investigation it seems most probable that the greater effect is due to an 
increase in concentration of these compounds in the adrenal cortex. The 
results from the standardization of the bitterlings showed that increased 
amounts of an identical extract produced greater elongation of the ovi- 
positors. This would seem to be a concentration effect. That the effect 
is due to an increased concentration of the steroid compounds is also 
supported by histological evidence in which an increased lipoid content and 
a Avider distribution of the lipoids throughout the cortex have been de- 
scribed. Finally, it has been shown (Goodsell, 1941) that the hypertrophy 
of the adrenal gland which occurs in acute vitamin-Bi deficiency is due to 
an increase in size of the cortex. The results from this study demon- 
strate an accompanying increased potency of the steroid fraction. The 
simplest explanation of these related phenomena seems to be that an 
increased amount of the active substance has been produced. 

SIBIMART 

1. The use of the bitterling test as a sensitive biological method for a 
quantitative determination of the changes in the concentration of the 
steroid compounds in the adi’enal cortex has been described. 

2. By the use of this test it has been shown that the concentration of 
steroid compounds in the adrenal cortex Avas increased in dogs suffering 
from acute vitamin-Bi deficiency. 

AcknoAvledgment is made of indebtedness to Dr. A. J. Carlson, under 
AA’^hose direction this Avork AA^as carried out, and to Dr. A. W. Martin for 
his constructive advice and criticisms. 
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Fats inti’oduced into the lumen of the proximal intestine inhibit the 
body of the stomach of fasting animals (1, 2). Extending these studies, 
we have employed the tandem balloon method of Meschan and Quigley 
(3) to make a qualitative study of the effects of fats on the^motor activity 
of the pyloric sphincter region (antrum, sphincter, duodenal bulb and distal 
duodenum). In a second series of experiments, a modification of the 
optical manometer-fluoroscopic technic of Brody, Werle, Meschan and 
Quigley (4) was used to measure quantitatively the effects of fats on antral 
and bulbar pressures. Our recording tips for these studies were placed 
in the antrum and bulb on either side of the sphincter 18 mm. apart, and 
were made of soft rubber vdth metal inserts. The internal diameter of 
the antral and bulbar tips was respectively 5 and 3.5 mm. 

Fasting animals. The test substances at body temperature were intro- 
duced into the duodenum of dogs 18 hours post-cibal at the onset of the 
experiment. The pressure employed for injection (15 cm. of water) just 
sufficed to overcome the friction in the catheter and cause the material to 
enter the duodenum slowly but Mthout distending it. Time intciwals in 
this report were measured from the beginning of the fat administration 
period. 

Cream having 25 to 30 per cent butter fat and egg jmlk with approxi- 
mately 33 per cent lipids were employed as common examples of naturally 
emulsified fats. In 75 experiments cream and in 10 experiments egg yolk 
wa.s administered into the distal duodenum of animals being studied by 

' Thi.s investigation w.n.s supported in part a research grant from the Ella 
Sachs Plotz Foundation. 

* Department of Pharmacology, the George Washington University, School of 
Medicine, W.a.«hington, D. C. 
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the tandem balloon method. Inhibition of motihty occurred in the entire 
sphincter region. This was manifested by a decrease in frequency and 
amphtude of the recorded waves which was most pronounced in those from 
the antrum and sphincter, less marked in the bulbar and comparatively 
shght in the distal duodenal records (fig. 1). With 10 cc. doses of either 
cream or egg yolk, the inliibition began in 1.5 to 2 min. and became com- 
plete in 4 min. in the antrum and sphincter; if inhibition of the bulb became 
complete, it developed in 7 min. Diminution of tone, as indicated by a 
decrease in basal levels, usually ran concurrent vdth the decreased motility, 
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Fig. 1. Action of 10 cc. cream (30 per cent butter fat) introduced into the distal 
duodenum on the motor activity of the antrum, pyloric sphincter, duodenal bulb 
and distal duodenum. Balloon-water manometer registration. Time indicated 
in one minute intervals. 

although the minimal tone level usually developed after 10 min. Loss of 
tone was usually moderate in degree in all four regions, but occasionally 
the loss was marked in the distal duodenum. Recovery of motility and 
tone of the entire sphincter region usually began in about 15 min. and was 
complete in 20 min. Administration of a second injection of 10 cc. of 
cream 30 min. follovdng the first portion reproduced the previous series of 
events. 

Greater quantities of cream up to 30 cc. prolonged the effect so that 
complete recovery required as long as 30 min. The effects on the antrum 
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and sphincter from large volumes of cream were not otherwise altered except- 
that complete inhibition of the bulb and distal duodenum was of more 
frequent development. Small quantities of cream (2-4 cc.) produced 
complete inhibition of the antrum and sphincter persisting for 1 to 2 min. 
The influence on the bulb wms much less marked and the distal duodenum 
was practically unaffected. In an attempt to simulate gastric evacuation 
of a fatty meal, a series of such small injections was made. They produced 
similar effects on each occasion and motility in the antrum and sphincter 
could be kept depressed for periods in excess of 90 min. Recovery occurred 
shortly after the administration of the last dose. 

^fliile recording pressures by the optical manometer-fluoroscopic technic 
from the antrum and bulb of fasting animals we administered 5 cc. of 
cream (15 expts.) into the duodenum 3 cm. distal to the sphincter. A 



Fig. 2. Records of antral and bulbar- pressures obtained by optical manometer 
technic before and after administering 5 cc. of cream into the proximal duodenum. 
Time intervals, 10 sec. 

A. From a fasting animal. Between i and 2 a period of 15 minutes elapsed. 

B. From an animal fed cornmeal mush. Period elapsed between 1 and 2 was 9 
minutes. Four minutes elapsed between 2 and 3. Gastric evacuation ceased at 
CE; evacuation returned at E. 

decrease in the magnitude and frequency of the phasic pressure waves of 
the antrum and bulb began in about 50 sec. and progressed to complete 
cessation by 1.5 to 3 min. in the antrum and 3 to 4 min. in the bulb (fig. 2). 
Occasionally a transient stimulation of the bulb prebeded the inhibition. 
During this excitation interval the frequency and magnitude of the bulbar 
pres-sure changes might be doubled and the basal pressure was moderately 
elevated. Tliis stimulation apparently developed in an effort to empty 
the bulb and it was followed by a period of bulbar inhibition. Rccovciy 
was gradual and complete restoration of pressure waves occurred in the 
bulb after 8 to 10 min., but only after 13 to 15 min. in the antrum. 

When the influence of fat had become maximal, the basal pressure had 
fallen more in the antrum (2 to 4 cm. water) than in the bulb (usualb’’ 0 
to 2..5 cm. water). Tlic antral-bulbar basal prc.ssurc gradient, nonnnlly 
3 to 4 cm., ft'll to between 0.5 and minus 2.5 cm. Three to four cubic 
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centimeter doses of cream produced results in 12 experiments similar to 
those obtained vdth 5 cc., but inhibition of the sphincter region developed 
slightly later, was less complete and disappeared earher. -Frequently, no 
alteration in the behavior of the duodenal bulb could be detected vath the 
2 cc. quantities of cream, but a second administration of the same volume 
of cream 5 to 8 min. later almost invariably produced a transient inhibition. 

Fed animals. Werle et al. (5) employed the fluoroscopic-optical manom- 
eter tecimic on fed animals and demonstrated that gastric evacuation 
was dependent on propulsive contractions of the distal antrum combined 
with a positive antral-bulbar basal pressure gradient (evacuation period A) 
and a positive antral-bulbar phasic pressure gradient (evacuation period 
B). We have demonstrated that fats in the duodenum of fasting animals 
inhibited the entire sphincter region and lowered the antral-bulbar basal 
and phasic pressure gradients. This induced us to extend the fluroscopic- 
optical manometer studies to fed animals in an attempt to explain on a 
quantitative basis the w'ell established fact that fats retard gastric evacu- 
ation. 

The influence of cream introduced into the duodenum on the beha%dor 
of the sphincter region w^as investigated in 36 experiments following the 
administration of food. Twenty-five grams of cornmeal was cooked for 
one hour; 80 grams BaS 04 were incorporated and the mixture made up to 
a volume of 500 cc. This material was introduced into the stomach through 
the gastric cannula and an increase in basal pressures and in frequency and 
magnitude of the phasic pressure weaves of the antrum and bulb was ob- 
served. 

The food administered via the cannula w'as evacuated without a pre- 
liminary pause; frequently evacuation began during the feeding process. 
The antral and bulbar phasic pressure Avaves w^ere of increased magnitude 
and occurred at a frequency of 5 to 6 per minute. The first 2 to 3 peri- 
staltic antral waves gradually increased in maximal pressure. Subsequent 
waves appeared to divide the antrum into tAvo distinct cavities and almost 
the entire mass distal to the AA-^ave AA-^as eA'^acuated at each cycle. The 
volume evacuated by each cycle Avas dependent on the depth of the antral 
AA’^aA’^e and the portion of the antrum at AA’^hich it attained its maximum 
depth. We estimated that 2 to 4 cc. of gastric contents AA^ere discharged at 
each cycle. Typical basal pressures AA^ere: antral, 6 to 8 cm. of AA'ater; 
bulbar, 2 to 4 cm.; maximal phasic pressures AA^ere antrum 25 to 90 cm., 
bulb 20 to 75 cm. Usually these conditions persisted until the stomach 
Avas half emptied, then the antral and bulbar basal pressures, the frequency 
and magnitude of phasic pressure changes and the volume CA’-acuated at 
each cycle gradually decreased slightly. Our obserA'^ations are not in accord 
Avith the usual report of increasingly powerful contractions as the stomach 
empties. 
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After studying the evacuation process and the pressure changes for vari- 
able intervals, 6 cc. of cream (25 per cent B.F.) was introduced into the 
proximal duodenum in 11 experiments. Ajitral and bulbar motility and 
pressure waves were completely inhibited and gastric evacuation ceased 
(figs. 2, 3). Inhibition began in the antrum in 70 sec., in the bulb in % 
min., and became complete in the antrum in 2 to 3.5 min., and usually in 
the bulb in 3.5 to 4 min. Basal antral and bulbar pressures fell (antral more 
than bulbar), so the basal pressure gradient varied between plus 1 and 
minus 2, and regurgitation from the bulb into the antrum was occasionally 
observed. Reversed peristalsis in the sphincter region was not observed 
but “to and fro” movement of material between the bulb and the mid- 
portion of the duodenum was usually exaggerated. 

Similar quantities of cream inhibited the .sphincter region of fed animals 
less completely and for shorter intervals than in fasting animals. Com- 
plete recovery of the basal pressures, phasic pressure changes and peri- 
staltic contractions occurred in the bulb after 7 to 9 min., and in the antrum 
about 4 min. later, but gastric evacuation did not begin to return until 
15 to 20 min. after the beginning of cream administration. Cream was 
less effective in inhibiting the sphincter region of fed animals, partly be- 
cause it was flushed out of the proximal intestine and diluted by the evacu- 
ated chyme and also because the presence of food in the stomach augmented 
the propulsive activity of the antrum. 

An augmented contraction of the sphincter was not responsible for the 
retarded gastric evacuation following cream administration. Studies of the 
movements of shot sutured to the serosa at either side transversely of the 
sphincter or records obtained from a miniature balloon placed in the sphinc- 
ter and arranged to record from an optical manometer .showed the sphincter 
relaxed or, at the most, contracting rhythmically but feebly at this time. 
This observation is in accord with the results obtained in fasting animals 
by the tandem balloon technic. 

Cream delayed gastric evacuation chiefly by depressing propulsive antral 
peristalsis and thus tenninated the development of positive antral-bulbar 
phasic pre.ssure gradients. The decrease or reversal of the basal 
antral-bulbar pre.ssure gradient (evacuation phase A) and the increased 
bulbar activity which sometimes transiently occurred played minor r61cs 
in retarding evacuation. 

Recover^’' of antral contractions usually preceded the reestablishment of 
gastric evacuation. The first antral contractions were not of the “pro- 
pulsive type.” Frequently they progressed at a slow rate, were shallow 
and tended to die out before reaching the sphincter. Such waves did not 
produce {)ha.sic pressure variations. Even when the contraction waves 
were normal in rate and depth and progressed to the .sphincter they failed 
to occlude the lumen, for the antrum at this time was relaxed to approxi- 
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bulb and the antral-bulbar basal pressure gradient befbre and after the injection of 5 cc. of cream into the duodenumat 0 minute. 
Pressures in centimeters water indicated by scale at left side of diagrams.’ CE signifies time of cessation of evacuation, E 
return of evacuation. I, animal fasting for 18 hours. II, animal fed cornmeal mush and BaSOi. Ill, animal fed cornmeal 
mush and BaSOi, duodenal drainage, no cream administered. IV, animal fed cornmeal mush and BaSO^, duodenal drainage, 5 
cc. cream injected into the duodenum. 
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mately twice the normal diameter. Thus, the waves produced slight antral 
phasic pressure changes and the antral contents were not discharged into 
the duodenum but returned to the body of the stomach. A similar situation 
was frequently observed during the period w^hich noinnally elapsed between 
feeding and the beginning of gastric evacuation. 

When 10' cc. quantities of cream were emploj'^ed (15 expts.) the effects 
were siniilar to those obtained with 5 cc. doses, but were more striking and 
less variable. ' Complete inliibition of the bulb Avas sometimes absent with 
5 cc. doses, but was abvays obtained A\ith 10 cc. of cream. The decrease in 
basal p^resSure gradient w'as more constant and more marked; A'^alues of 
minus’;2.5'cm.' were reached. With small doses of cream (2 to 3 cc.) cessa- 
tion of. ga^ic Evacuation w^as a more unifoi’m effect than any one of the 
other phfe’nonihha mentioned. 

DuodenalidYathage. In ten experiments a rubber balloon w'as introduced 
into the idviodenum about 10 cm. distal to the sphincter. By means of a 
catheter tliis balloon was inflated with air to the minimal pressure (20 to 
25 cm-.- water),, which largely but not absolutely prevented progress of 
duodenal. contents beyond tins point. A second catheter passed thi’ough 
this b^loon to permit the introduction of cream into the duodenum about 
17 cm! distahto the sphincter. The duodenal balloon and injection tube 
were inserted 30 min. preceding the experiment proper. A third tubew'as 
placed Avith its., open end near the bottom of the duodenal cannula and 
suction applied, so this tube proAided duodenal drainage. The A’^olume of 
duodenal contents collected AA^as periodically measured. 

This ■ procedure AA'^as designed to study the effect of cream on gastric 
evacuation and the behavior of the sphincter region AA^hen dilution and 
flushing aAvay of the cream by the chyme w^as prevented. The results, 
hoAA'eA’^er, Avere complicated by the fact that duodenal drainage definitely 
hastened gastric eA*acuation. In our experiments the eA’^acuation rate Avas 
increased 2 to 4 times. The experiments further differed from the other 
opti'cal registration experiments since the cream aa'US injected 15 cm. lower 
in the duodenuna and exposure of cream to the action of bile and pancreatic 


juice AA'as largely preAmnted. 

In the experiments inAmlAung duodenal drainage, the fluoroscopic 
obseivations show'ed that the CAmcuatcd material passed directly throug i 
the bulb' and pro.ximal duodenum into the collecting bottle. Frequent } 
the antral contraction forced the chyme AAothout pause as far as the duodena 
cannula and contraction of the proximal duodenum Avas not required oi 
the propulsion. Thus the A'olume eA'acuated by each antral peristaltic w aA c 
could be measured. After feeding, the first fc\A' cycles A\diich cA'acuatcc 
gastric contents discharged small A'olumos. For the next 3 to 7 min. t ic 
A-olumc per cycle Ava.s rather irregular but aAmragcd about 10 cc. (occa-sion- 
ally increa.sed to 50 cc.), then gradually declined to a steadj’’ stale in Avhic i 
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6 to 8 cc. were discharged per cycle until the stomach was almost completely 
emptied. 

Apparently the rate of gastric evacuation normally represents a balance 
between a, an augmenting effect produced by the distension of the antrum 
and body of the stomach by food; h an inhibitory influence produced by 
the presence of the evacuated material in the intestine, acting in part 
through mechanical (nonspecific) influences and partly thi’ough chemical 
(specific) factors. Elimination of factor b in these expeiiments releases 
the evacuating power of the stomach from an important fraction of the 
intestinal regulation. 

Introduction of 5 cc. of cream into the duodenum of fed animals pro- 
vided \vith duodenal drainage produced results similar to those obtained 
from similar doses without duodenal drainage (fig. 3). However, the effects 
were slower in development, the suppression of phasic pressure waves 
(especially of the bulb) and gastric evacuation was less complete and of 
shorter duration in the animals vdth drainage. As in the experiments 
wthout duodenal drainage, the first antral peristaltic waves to return after 
cream inhibition failed to expel the antral contents into the intestine. In- 
stead, this material usually returned to the body of the stomach for the 
peristaltic waves did not sufficiently occlude the antral lumen to prevent 
a retrograde axial stream. Four cubic centimeters was the minimal 
quantity of cream Avhich was even transiently effective in the drainage 
experiments. 

Gastric distention by a balloon. Stretching the stomach may "per se 
produce some of the effects noted from feeding. We distended the body of 
the stomach of fasting animals mth a large balloon and again determined 
the modification in the activity of the sphincter region and the effectiveness 
of fat administration. No significant alteration in the activity of the 
pyloric region was noted Avith 100 to 150 cc. of air in the ballon. When 
the distending volume was 500 cc. of air, the activity of the pyloric region 
approached but did not equal that obtained by administering via the can- 
nula 300 cc. of food. Thus, distention of the body of the stomach is one 
of the factors responsible for the difference in sphincter region activity 
characteristic of the fed and fasting states. Food stimulates the sphincter 
region more than a balloon distended to an equal volume. This may be 
due to the fact that the food, unlike the balloon, enters the sphincter region. 
Confirming this is the observation that the tandem balloons in the sphincter 
region gave results from fasting dogs which resembled those obtained by 
optical registration from fed rather than fasting animals. Apparently, 
the moderate distention of the sphincter region augmented the motility 
in that region. 

In four experiments with the body of the stomach of fasting animals 
distended by 500 cc. of air, the administration of 5 cc. of cream into the 
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proximal duodenum inhibited the sphincter region in a manner similar to 
the characteristic response observed in the fasting animal whose stomach 
■was not distended. However, the cream inhibition was slightly less marked 
in the animal with a distended stomach; the period of complete antral 
inhibition, for example, being 1 to 2 min. shorter. 

SUMMARY 

In studies made -with the tandem balloon method the introduction of 
fats into the duodenum of fasting dogs inhibited the motility of the pyloric 
antrum, sphincter and duodenal bulb. A quantitative study of the pressure 
relations in the pyloric sphincter region combined "with a visualization of 
motility and propulsion was obtained by the optical manometer-fluoro- 
scopic technic. Employing this method, it was again shown that cream 
in the duodenum inhibited the pyloric region and further proved that cream 
decreased or reversed the antral-bulbar basal and phasic pressure gradients. 
The action of cream was most pronounced in fasting animals, then in order 
of decreasing effectiveness, fasting animals ■with the stomach Jdistended by 
a large balloon, fed animals, fed animals ■with duodenal drainage. Fats 
retarded gastric evacuation chiefly by decreasing antral propulsive peristal- 
sis. Sphincter spasm was not involved; on the contrary, evacuation was 
retarded in spite of sphincteric relaxation. The rate of gastric evacuation 
represents a balance between a, the augmenting effect produced by a dis- 
tention of the antrum and body of the stomach by food, and 6, the inhibitory 
influence produced by the presence of chyme in the intestine, acting in 
part through mechanical (nonspecific) influences and partly through chemi- 
cal (specific) factors. In experiments involving duodenal drainage, factor 
h was largely eliminated, thus the evacuating mechanism of the stomach 
was released from an important fraction of the intestinal regulation and 
the evacuation rate was augmented. 
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We have previously reported that the ovaries of a normal immature 
female parabiotic rat undergo hypertrophy following gonadectomy of its 
partner, and that the daily injection of relatively small quantities of estro- 
gen and somewhat larger quantities of androgen into the castrated partner 
of such pairs prevents ovarian enlargement in the normal animal (1-5). 
These results were interpreted to mean that the estrogen or androgen 
prevented the hypersecretion of gonadotropic hormone from the pituitary 
gland of the castrated rat which occurred followng gonadectomy. 

Using adult parabiotic rats, Hill (6, 7) and Witschi and Levine (8) demon- 
strated that the pituitary gland of the partner which was gonadectomized 
undenvent hypersecretion, for the normal female partner developed a 
condition of continuous estrus. Because it was possible to prevent hyper- 
secretion of gonadotropic hormone in immature pairs by the injection of 
estrogen, it became of interest to determine whether estradioP acted 
similarly in adult pairs which had developed a continuous vaginal estrus. 

Materials and methods. Female littermate rats weighing 70 grams 
or more were united in parabiosis at 31 to 33 days of age according to the 
method of Bunster and Meyer (9), except that metal skin clips were used 
instead of silk sutures in closing the skin incisions. Ether anesthesia was 
used and sterile precautions were taken during the operation. The right- 
hand partner was ovariectomized at the time of parabiotic union. Fol- 
lowing the opening of the vagina of the normal partner, which usually oc- 
curred 7 to 8 days following parabiotic union, the vaginal smear was fol- 
lowed to determine the time at which continuous estrus appeared. After 
a period of 25 to 30 days of continuous estrus, injections of 1 7 of estradiol 
per day were made into the ovariectomized partner. The amount of 

1 This work was supported by a grant from the Wisconsin Alumni Research Foun- 
dation. Assistance was also furnished by the personnel of the W.P.A. Official 
Project No. 65-1-53-2349. 

® We are indebted to Dr. Erwin Schwenk of the Sobering Corporation, Bloomfield, 
New Jersey, for the estradiol used in the experiments. 
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hormone injected each daj’' was contained in 0.05 cc. of corn oil. At 
varying intervals the dosage of estradiol was increased to 2, 3 or 4 7 per 
day in some of the pairs, as is indicated in the figure. The ovaries of the 
normal partner were examined under a binocular dissecting microscope 
during laparotomies which were performed before or during the estrogen 
treatment. In pairs 3, 5 and 7 one ovary was removed for histological 
study before the estradiol injections were begun. In paiis 5 and 6 the 
ovariectomized partner was hypophysectomized after the normal partner 
had shown a second extended period of continuous estrus following with- 
drawal of the initial estrogen treatment. 

Records of representative pairs are presented in figure 1 . It should be 
emphasized that the figure presents the vaginal smear record of the normal 
female partner, and that the injections of estradiol w^ere always made into 
the ovariectomized partner. The notations concerning estrogen treatment 
of the pairs refer to the time at w^hich injections w'ere either begun or dis- 
continued. Day 0 is the first day of continuous estrus, and all successive 
days are dated from this time. Laparotomies of the normal partner are 
indicated by the letter L. The injections of the luteinizing hormone, LH, 
were made into the ovariectomized partner of pair 7. 

Results and discussion. The data w^ere obtained from 14 pairs of 
rats, and of these tliree w^ere treated a second time A\Ith estradiol, so the 
total number of experiments was 17. Records of 7 pairs are included in 
the figure. 

The vaginal smear records show that following injections of estradiol 
into the ovariectomized partner, the continuous estrus of the normal part- 
ner was replaced by a temporaiy diestrus. Usually 1 7 of estradiol per day 
was sufficient to cause the vaginal change, although the dosage was raised 
to 2 7 per day in one pair before this change occurred. Laparotomies 
performed before estrogen injections were made show^ed that the ovaries 
W’ere composed of numerous large follicles, some of which w^ere cystic. 
These observations w^ere confirmed by histological sections of ovaries re- 
moved at this time. 

The diestrus wliich follow'ed the estradiol injections varied from 1 to 20 
days, the average duration being 10 days. The ovaries of the noimal 
partner of all the pairs examined except one (not included in figure), con- 
tained follicles which now' appeared to be smaller than those present at the 
beginning of the estrogen treatment. The e.xceptional pair had three 
corpora lutea in one ovaiy. The diestrus of the normal female w'as followed 
by cstrous cycles, wliich were often somew’hat irregular in some of the 
pairs. How'cvcr, by increasing the dosage of estradiol to 2 7 per day, they 
tended to become more regular (pairs 2, 3 and 5). It w'as nece.ssar}' to 
incrc.'i.se the dosage to 3 7 per day in one pair before regular cycles were 
obtained. The cstrous cycles of the normal female persisted as long as the 
ovariectomized rat w'as injected with estradiol. Laparotomy of the normal 
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^'u- \ T'n represented. Day 0 is the first day of continuous estrus of the normal 

parabiont foll^oinng ovariectomy of the other. The ovariectomized. partner received the injections. The ovarieotomized rat of pairs 
0 and 6 was hypophysectomized. Laparotomy of the normal partner is represented by the letter L. 
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partner of pair 4 during this period showed that the ovaries were composed 
of follicles and corpora lutea. Following cessation of the estrogen treat- 
ment, several normal estrous cycles usually occurred, after which the 
cycles became irregular and finally continuous estrus reappeared. 

The ovariectomized partner of pairs 5 and 6 was hypophysectomized 
after an extended period of continuous estrus which followed the vdth- 
drawal of the initial estradiol treatment. Here, as during the» estradiol 
injections, the continuous estrus of the normal female was replaced by a 
diestrus, after which normal cycles appeared. Pair 5 had 16 regular cycles, 
and pair 6 had 17 after hypophysectomy and before autopsy. 

Comparison of the results followng the injection of estradiol vith those 
found after hypophysectomy suggests that the estradiol prevented the 
secretion of gonadotropic hormone from the pituitary gland of the ovariec- 
tomized rat. Moreover, the administration of the proper amount of 
estradiol was apparently as effective in bringing about regular estrous cycles 
in the normal partner as was the removal of the pituitary gland. Pau* 7 
appears to be an exception to this since two of the three periods of estradiol 
treatment were not effective in changing the continuous estrus to diestrus. 
During the first treatment, a short period of continuous estrus appeared 
while 1 7 of estradiol per day was being injected. Consequently the dosage 
of estradiol was increased to 2, 3 and finally 4 y per day, but these amounts 
were ineffective in changing the vaginal smear. Also, at a subsequent time, 
injections of 1 and 2 7 of estradiol per day were made, without changing 
the type of vaginal smear. From these results it appears that the pitui- 
tary gland of the ovariectomized rat of this particular pair became refrac- 
tory to the estrogen treatment. 

Injections of LH were made into the ovariectomized partner of pair 7 
to determine whether this substance could cross to the normal parabiont 
and luteinize the follicles. After each of 3 injections of LH, the vaginal 
smear of the normal partner changed from continuous estrus to diestrus 
and corpora lutea were found in the ovaries (see figure). It ivill be noted 
that the diestrus which occurred after each injection was short and was 
followed by periods of prolonged estrus. The results of this experiment 
demonstrate that the ovaries of the rat in continuous estrus are sensitive 
to LH and that LH can be transferred from one parabiont to the other. 
This conclusion is of importance in explaining the cause of the period of 
prolonged diestrus which followed immediately after the injection of estro- 
, gen into the ovariectomized partner. In all the pairs examined during 
this period except one, the ovaries were found to be small and devoid of 
corpora lutea. These results and those obtained by injecting LH into the 
ovariectomized partner of pair 7, provide evidence for the concept that the 
injection of estrogen in the amounts u.sed in these experiments, does not 
bring about the release of sufficient quantities of LH from the pituitary 
gland of the ovariectomized partner to luteinize the ovaries of the normal 
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parabiont. Hohlweg (10) and Fevold, Hisaw and Creep ( 11 ), however, 
have shown that estrogen causes the formation of corpora lutea in single 
normal immature and mature rats. This luteinization of the ovaries was 
attributed to a release of LH from the pituitaiy gland by the injected 
estrogen. 

It seems that the diestrus of the normal rat, which followed the injec- 
tions of estradiol into the ovariectomized parabiont, can be explained best 
on the basis that the injections of estradiol prevented the secretion of 
gonadotropic hormone from the pituitary gland of the ovariectomized rat. 
It is also suggested that the length of the diestrus represents the time 
required for the pituitary gland of the noi-mal partner to recover from the 
inhibiting influence of the estrogen produced by its own ovaries during the 
time that they were continuously stimulated by the gonadotropic hormone 
from the castrated partner. Therefore, it would seem that the appearance 
of estrous cycles in the normal animal after the period of prolonged diestrus 
represents the resumption of cyclic activity by the pituitary gland and 
ovaries of this rat. 

Evidence that there was very little, if any, transfer of the injected estro- 
gen from the ovariectomized partner to the normal, is furnished by the 
occurrence of normal estrous cycles in the latter during the period of injec- 
tion. If the injected estrogen were present, it would no doubt have 
interfered vith the estrous cycles of the normal partner, for it was deter- 
mined in a group of normal female rats that the injection of 1 7 of estradiol 
per day was sufficient to cause continuous vaginal estrus. Therefore, it 
seems unlikely that the estrogen passed from the injected to the normal 
partner in amounts sufficient to interfere vdth the normal cyclic activity 
of the pituitary gland and ovaries. 

One pair, which is not included in the figure, was not in continuous 
estrus when injections of estradiol were begun, and the subsequent cycles 
were veiy irregular and appeared to be no different from those obtained 
before beginning the injections. Laparotomy 29 days follovdng the be- 
ginning of injections showed that there were many corpora lutea in the 
ovaries of the normal partner. Subsequent treatment with 2 and 3 7 per 
day likewse did not produce regular cycles. Furthermore, the normal 
partner did not remain in continuous estrus after the injections of estradiol 
were stopped. 

Hill ( 6 ) reported that usually 3 months’ time was required following 
ovariectomy before continuous estrus was attained. Our rats required 
considerably less time to reach this stage, since the average time was 39 
days. Kawashima also noted a shorter period of time than that required 
by the rats used by Hill (cited by Hill). 

In immature female-female pairs, it was found that 0.025 7 of estradiol 
per day was required to prevent hypersecretion of the gonadotropic com- 
plex following ovariectomy (4). In mature pairs, from 1 to 3 7 of estradiol 
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per day have been found to be necessary. However, this difiference in the 
two studies should be pointed out, namely, that the estrogen treatment was 
begun immediately following gonadectomy in the immature pairs, W'hereas 
it wms begun after the hypersecretion had become w'ell established in the 
adult pairs. In the former case there was probably very little gonado- 
tropic hoi-mone being secreted by the pituitary gland, whereas in the latter, 
gonadotropic honnone secretion was at a very high level. Although no 
attempt Avas made to determine the minimum amount of estradiol required 
to preA'^ent castration hypersecretion in the adult pairs, it AA'Ould seem that 
they probably require more estrogen to prevent hypersecretion of the 
gonadotropic complex than do immature parabiotic rats. 

SIBCMABY AND CONCLUSIONS 

Continuous Arnginal estrus A\’as obtained in the noimal partner of female 
parabiotic rats at an aA'^erage of 39 days folloA\ing ovariectomy of the other 
partner. 

After an extended period of continuous estrus, injections of estradiol 
Avere made into the oAmriectomized rat. As a result of these injections, the 
continuous Amginal estrus of the normal partner AA^as replaced by a diestrus, 
AAdiich persisted an average of 10 days. Noimal cstrous cycles then ap- 
peared and usually persisted as long as the injections of estradiol AA^cre 
continued. After stopping the injections, the estrous cycles became ir- 
regular and finally continuous estrus reappeared. This treatment AA'^as 
repeated seA'eral times in some of the pairs AAuth the same results. 

The OA'^ariectoraized partner of pairs in continuous estrus AA^as hy- 
pophysectomized, and, as during the estradiol treatment, the continuous 
estrus of the noimal partner Aims replaced by a diestrus. Normal cycles 
then appeared and persisted until the rats AA'ere autopsied. 

Because the results folloAving the injection of estradiol into the ovaricc- 
tomized partner AA^ere similar to those folloAA'ing hypophysectomy, it is 
concluded that estrogen prcA^ents the hypersecretion of gonadotropic 
hormone by the pituitary gland of adult OAmriectomized rats. 
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The most consistent, and one of the most striking, effects of low-pressure 
distention of the dog’s small intestine (below 40 mm. Hg lumen pressure) 
is the period of increased arterial flow beginning simultaneously with the 
deflation and lasting 20 to 30 seconds or longer. This period has been 
described as the third phase of the total response (Lawson and Chumley, 
1940). In the present report it Mil be called deflation hyperemia. As a 
prominent spike of augmented flow it either terminates the response or 
passes more or less abruptly into the terminal fourth and fifth phases, with 
Avhich this report is not concerned. 

Deflation hyperemia is not materially affected by mesenteric denerva- 
tion of the loop, yet is abolished or markedly reduced by local treatment of 
the loop Mth cocaine. It is not seen following low-pressure inflations if 
the loop is encased in plaster to prevent enlargement. On the b&sis of 
these and similar data it has been suggested that it represents the persis- 
tence for a short time beyond the distention period of vasodilatation (or 
an extravascular resistance-lowering mechanism) set up through the periph- 
eral nervous apparatus by stretch of the gut walls. This interpretation 
of deflation hyperemia, although compatible with all the data available, 
cannot be regarded as final without further study. Treating the loop with 
cocaine or encasing it in plaster would not only abolish hyperemia from 
the mechanism postulated, but might also, through an alteration in the 
mechanics of the loop, modify all phases of a response which is wholly 
mechanical, or primarily mechanical, with secondary non-nervous phases. 

The present report considers tAvo non-nervous mechanisms which might 
account for an increased arterial flow into the intestine immediately fol- 
loMng distention, in an attempt to evaluate their contribution to deflation 
hyperemia: 1, the rapid filling under a steepened pressure gradient of 
vessels the volume of whose contents has been diminished during the dis- 
tention; 2, post-ischemic vasodilatation (reactive hyperemia) in portions 
of the intestine deprived of blood by the distention. 

The first mechanism, a filling phenomenon, has been held responsible 
by Rossler and Pascual (1932) for an overshoot in coronary floAv which they 
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recorded at the beginning of diastole, and by Anrep, Blalock and Samaan 
(1934) for a similar phenomenon obsen^ed in skeletal muscle at the termina- 
tion of a tetanus. As described for these tissues it is of veiy brief duration 
(less than 0.2 sec. for skeletal muscle). Its duration in the intestine during 
deflation would depend upon the rate of inflow and the blood volume to be 
replenished as well as upon the rate of \sdthdrawal of the compressing 
force. In the absence of data on these values it is unnise to conclude that 
this factor could not account for deflation hyperemia lasting usually 20 to 
30 seconds, and sometimes longer than 1 minute. 

The fact that deflation hyperemia bears no relationship to the gross 
flow deficit incurred during the distention, and is obser^^ed even when 
there has been an increase in flow (Lawson and Chumley, 1940b), does not 
exclude the mechanism of reactive hyperemia, since redistribution of blood 
in the distended loop may leave some regions ischemic, the local ischemia 
being masked by an increased flow in other regions. In fact, unless the 
resistance-lowering mechanism which is set up by stretch acts to maintain 
the flow through the compressed regions, masked ischemia would be ex- 
pected to develop in these regions during the distention, to cause reactive 
hyperemia on deflation. 

A third possibility, that the ovemhooting on deflation is due to properties 
of the flow-meter (Lawson, 1940a), has not merited separate treatment, 
since no overshooting is recorded Avhen arteries drained through cannulas 
are clamped or released or when the flow-meter installation is tested vith 
suddenly changed flows in artificial systems, and since deflation hyperemia 
with identical features has been recorded Muth other types of differential 
manometers (independent mercuiy manometers — see fig. 1; inverted U- 
manometers — see Lawson and Chumley, 1940). 

Methods and results. Short loops of ileum were prepared in barbi- 
talized dogs as already described. The distentions employed were similar 
in duration (usually less than 2 min.) and magnitude (usually less than 40 
mm. Hg distending pressure) to those of the previous study. In most of 
the data presented here the metal bellows manometer (Lawson, 1940) 
was used to read the pressure fall across the applied constriction in the 
mesenteric artery. Recorded pressure differences were converted into 
volume flow of blood by calibration in situ at the close of each experiment. 
The pressure difference, plotted as zero, for zero flow into the loop was 
obtained by clamping the arteiy in the mesenteric pedicle of the loop 
(below the corLstriction and the lower cannula). With this clamp in place 
to stop flow into the loop, a second artery below the constriction or a side 
arm on the distal cannula was opened and flow through this outlet regulated 
with a screw clamp to produce manometer deflections within the limits 
observed in the exjieriment. Three to five such deflections were plotted 
against their cor rc.spon ding measured flow.s to obtain a calibration curve 
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Fig. 1 Fig. 2 


Fig. 1. The uppermost record is a tracing of distention pressure. The second is a 
tracing of carotid pressure, the fourth a tracing of mesenteric arterial pressure below 
the constricting clamp, recorded by independent mercury manometers. A quali- 
tative flow record comparable to those in the other figures is constructed by plotting 
(third tracing) the pressure difference at the points marked by circles, between the 
two manometers. The lowermost record is a tracing of venous flow, made by record- 
ing air displacement from a flask receiving the outflow from the cut vein. The upper 
dotted line drawn on the outflow record is a continuation of the control rate of flow, 
the lower dotted line a continuation of the increased rate of flow following deflation. 
Corrected simultaneous ordinates are drawn through the venous outflow record at 
the point where rate of flow begins to exceed the control, and through the record of 
mesenteric arterial pressure. Time in 10-second intervals. 

Fig. 2. Uppermost tracing records the volume of fluid accepted by the loop from 
the distention reservoir. The second tracing is a record of carotid pressure, the 
lowermost a record of arterial flow into loop (mesenteric denervation, weight 34 
grams). The signals mark distention at a pressure of 20 cm. water. Time in 10- 
second and 1-minute intervals, a shows the response before, and b after 10 cc. 
1 per cent cocaine hydrochloride had been substituted for an equal volume of loop 
fluid. (Loop distended with 0.9 per cent NaCl solution directly from reservoir, 
without balloon.) 
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for each experiment. The plotted data sometimes lay on a straight line, 
but usually on a smooth curve convex toward the flow axis. Extrapolation 
on the calibration curve to the true zero pressure axis usually showed a 
flow past the constriction of 0.5 to 2.0 cc. per minute vnth the loop clamped 
off. This small uncalibrated flow never amounted to more than 10 per 
cent, of the total flow past the constriction, usually considerably less. 
It goes to the pedicle central to the occluding clamp, and to sessile 13'^mph 
nodes along the axis of the superior mesenteric artery peripheral to the 
constriction. That it remains fairly steady through procedures such as 
are emplojmd in the present study is suggested by the relatively fixed 
level of residual floiv recorded when flow to the loop is stopped (fig. 4). 

Expressed as volume flow per minute per 100 grams of postmortem in- 
testinal weight, the average control flow into six innervated loops was 36 
cc., mth extremes of 25 and 48 cc.; into eight loops with mesenteric de- 
nervation, 42 cc., vnth extremes of 30 and 55 cc. These values agree rea- 
sonably well vdth the value of 31 cc. per 100 grams per minute obtained 
Burton-Opitz (1908) for venous flow' from innervated small intestine under 
similar experimental conditions. 

The rdle of the filling mechanism. That time is required for the suddenly 
decompressed vascular bed to fill up wms suggested by Burton-Opitz (1908) 
in explanation of a brief stoppage of venous flow from the intestine during 
deflation. The stoppage of outflow' during the first portion of deflation has 
been repeatedly confii-med in the present investigation (Lawson and Chum- 
ley, 1940). If the increased inflow' w'hich begins at the same time is due 
altogether to low' pressure in the decompressed vascular segments, it should 
terminate as soon as pressure in these segments has returned to normal. 
Other things being equal, changes in venous outflow' from the loop may be 
taken as an index to pressure changes in the segments which are being 
compressed and decompressed by distention and subsequent deflation. 
Under these conditions it may be concluded that pressure in peripheral 
segments during decompression has returned to its control value as soon 
as venous flow' recovers its control value. 

In a total of tw'elve satisfactory observations on four dogs, venous out- 
flow' rccovei-ed or e.xceeded its control value w'ithin 2 to 8 seconds after 
the beginning of deflation. Simultaneous records of inflow' and outflow 
usuallj' .showed that the peak of deflation hypei'emia was reached later 
than this (fig. 1). From 75 to appro.ximately 95 per cent of the total excess 
flow (area betw een control and hyperemic flow' levels) alwaj'S occurred more 
than 10 .seconds after the beginning of deflation, at a time when venous 
flow, on the ba.sis of these data, .should have recovered or exceeded its con- 
trol value. During the greater part of the pci'iod of deflation lij'pereima 
both inflow and outflow arc increased. 

If filling of the decompre.ssed va.seular segments i.s soleK' re.spon.sible for 
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deflation hyperemia, the excess volume of flow on deflation should equal 
the volume reduction in the vascular bed during distention. An attempt 
to obtain data on the reduction in vascular volume in the distended loop 
by gra\dmetric oncometry (Lawson, 1940b) gave equivocal results. The 
loop sometimes increased, and sometimes decreased in weight, the changes 
usually being small. Data obtained by more conventional methods are 
presented in table 1. The volume increase in the lumen of the loop (A 7,) 
was recorded by the method already described (Lawson and Chumley, 

TABLE 1 


For explanation see text 


DOG NUMBER 

DISTENDING 

PRESSURE 

10' 

AVt- AVi (cc.) 

20' 

Terminal 

DEFLATION 

HYPEREMIA 


1 cm, aq. 




CC. 

1 

20 

+0.2 

+0.0 

+0.5 

0.05 


30 

-0.5 

-0.6 

-0.7 

0.33 


30 

-0.3 

-0.9 

±0.0 

0.20 


30 

+0.4 

+0.8 

+0.8 

0.25 


40 

-0.2 

-0.5 

-0.9 

1.50 


40 

ztO ,0 

-0.9 

-0.9 

1.00 

2 

20 

-0.2 


-0.2 

0.50 


30 

+0.6 


-0.4 

0.35 


30 

-0.2 


1 -0.7 

0.80 


30 

-0.2 


-1.2 

0.50 


40 

-1.2 


-2.8 

0.60 


50 

-0.1 


-2.1 

0.70 


60 

+0.1 


-2.1 

0.90 


70 

-0.6 


-3.2 

1.90 


70 

-1.1 


-3.9 

2.40 


SO 

-0.4 


-3.9 

3.30 


Note: In dog 1 A Fe — A Vi persisted as a positive value (increase in wall volume) 
and in dog 2 as a negative value (decrease in wall volume) for 1 to 3 minutes after 
deflation. 


1940b). The external volume increase of the loop (AL^) was determined 
simultaneously by placing the loop in the usual type of oncometry cham- 
ber, connected with a volume recorder. The value of A7 c— AF,- repi'csents 
the change in the volume delimited by the distending balloon in the in- 
terior of the loop and the peritoneal covering of the loop and pedicle on 
the outside. The erratic values which are shown in the table, in agreement 
^vith those obtained by the gravimetric method, suggest that extravascular 
fluids, either in the lumen or in the gut wall, may change their volume 
unpredictably during distention to mask the change in vascular volume. 
The initial volume change, read at the end of 10 seconds follovang infla- 




152 


HAAIPDEN LATVSON 


tion, is probably more nearly a pure vascular volume change since the 
extravascular changes would be expected to be somewhat slower. The 
peak of inflow reduction has usually been passed at the end of 10 seconds’ 
distention, and the enlargement of the loop is almost complete. The 
emptying of the vascular bed under compression is probably therefore 
complete. Examination of the table shows that in only three out of a 
total of sixteen distentions was the volume change at this time equal to 
more than 50 per cent of the excess volume flow during deflation; in five 
cases the volume change at this time was in the uTong direction and there- 
for could account for none of the deflation hyperemia, and in the remaining 
eight distentions the volume change could account for only 12 to 44 per cent 
of the hyperemia. 






Fig. 3. Upper record is carotid pressure (mercury manometer), lower record 
arterial flow into loop (weight 30 grams). During the signals marked 0 the artery 
suppb'ing the loop was partially oecluded. During the signals marked D the loop 
was distended at a pressure of 30 cm. water. Timer marks intervals of 10 seconds 
and 1 minute. 

The rdlc of reactive hyperemia. It was assumed for the purposes of the 
present study that the post-ischemic behavior of the loop as a whole fol- 
lowing a period of arterial occlusion can be taken as a model of the behavior 
of any tissue in the loop which might be subjected to ischemia during dis- 
tention. Complete arterial occlusions were produced with a bull-dog 
artery' clamp, or with a modified Goldblatt clamp, and partial occlusions 
with the latter, applied in the mesenteric pedicle of the loop. The artciy 
was stripped of gross nerve fibres at the site of the clamp. 

WHien the flow reduction produced by a distention was duplicated by 
partial arterial occlusion, the hyperemia following the distention wasahvay-'^ 
the greater (fig, 3). The gradual increase in flow during partial occlusion 
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shown in the figure is typical of the partial, but not of the complete oc- 
clusions (see fig. 6). It resembles the gradual decrease in the pressure 
difference which is observed for 3 to 5 minutes after application of this type 
of clamp as the fiow-meter constriction, and probabl}'- represents loss of 
tone in the segment of arterj’- within the clamp. In most animals flow had 
to be reduced 30 to 50 per cent by arterial occlusion in order to elicit 
hyperemia. Gross flow reductions of this magnitude were never obtained 
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Fig. 4 Fig. 5 

Fig. 4. Uppermost tracing is a record of loop motility. Second tracing is a record 
of carotid pressure. Third tracing is arterial flow into loop (mesenteric denervation, 
weight 35 grams). The signals mark complete stoppage of flow to the loop by applica- 
tion of a bull-dog clamp to its artery. Time in intervals of 10 seconds and 1 minute. 

Fig. 5. Upper tracing is a record of carotid pressure. Lower record is arterial 
flow into loop (mesenteric denervation, weight 27 grams). The signals mark loop 
distentions at a pressure of 30 cm. water. Timer marks intervals of 10 seconds and 
1 minute. The small regular waves in flow at a rhythm of 8 to 10 per minute which 
appear in this record are usuallj" synchronous with recorded rhythmic intestinal 
movements. 

with the low-pressure distentions of this and the previous report. If all 
tissues in the loop share equally the reduced flow during partial arterial 
occlusion, the threshold flow reduction for all tissues, for the production 
of reactive hyperemia, must lie within or above this range. If, then, 
deflation hyperemia is merely reactive hyperemia in portions of the loop 
which have suffered supraliminal flow reduction during the distention, the 
flow through these portions must have been reduced at least 30 to 50 per 
cent by the distention. 
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Complete arterial occlusions of shorter duration than 20 seconds usually 
were followed by no increased flow. Prolonging the duration of the oc- 
clusion beyond this up to 2 minutes or longer increased the height and the 
area of the resulting hyperemia (maximum rate of flow and total excess 
flow) (fig. 4). In contrast, neither the height nor the area of deflation 
hyperemia increased Awth the duration of distention, provided the dis- 
tention was sufficiently prolonged to permit fairly complete enlargement of 
the loop (fig. 5). In four dogs in which a study of this point was made, 
distentions prolonged to 2 minutes or longer were followed by smaller 
deflation hyperemias than distentions lasting 20 to 30 seconds. 



Fig. 6. Upper tracing is a record of carotid pressure. Lon’cr record is arterial 
fio«' into loop (mesenteric denervation, weight 35 grams). The signals mark partial 
or complete stoppage of flow into loop with Goldblatt clamp applied to its artery. 
Time in 10-sccond intervals, a shows reactive hyperemia before, and b, after intro- 
duction of 10 cc. 1 per cent cocaine hj'drochloride into lumen of loop. The flow 
deficits before and after cocaine arc nearly equal. 

The practically complete abolition of deflation hyperemia by local 
application of cocaine is shown in figure 2. With low-pressure distentions 
which cause an increase in flow over tlie control during the distention 
period, cocaine abolishes both the hyperemia during di.stention and the 
deflation hyperemia, as shown in the figure. In comparison, reactive 
hyperemia following arterial occlmsion was relatively little affected bj 
cocaine (fig. 6). As might be expected from any vasoconstrictor agent, 
the absolute values of reactive hyperemia in terms of the maximum rate 
of flow and the volume of flow excess were usually somewhat reduced by 
cocaine. In two animals an attempt was made to obtain a {luantitativc 
comparison of the olTect of cocaine on the two tyjies of liypcremia, by ex- 
pre.ssing all rc.sponses as percentage changes from the control rates of flow- 
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In one animal cocaine reduced deflation Ityperemia 85 per cent, reactive 
hyperemia 57 per cent; in the other cocaine reduced deflation hyperemia 
50 per cent, and increased reactive hyperemia 45 per cent (all figures are 
based on the average of 2 to 6 trials before and after cocaine). 

Discussion. The reduction in I’^ascular volume during distention 
should equal the excess volume flow on deflation only if no change other 
than compression and decompression occurs in the vascular bed. If the 
data afford even a rough approximation (and not even this can be claimed 
with certainty for them) of the amount of blood driven out of the peripheral 
segments during distention, it is clear that deflation hyperemia usually 
accomplishes much more than just the return of this volume. Insofar as 
the data are defensible, they show that the “filling’' mechanism could 
account usually for no more than 45 per cent of the deflation hyperemia. 
A^ffiether, as the data suggest, vascular volume may increase during dis- 
tention, vill have to be determined with more suitable methods. 

The less questionable data on the time required for the decompressed 
vascular bed to fill up to its normal pressure levels and so restore venous 
flow suggest that no more than 25 per cent, and usually considerably less, 
of the deflation hyiieremia could be due to this mechanism. This is probably 
a more accurate evaluation. 

On the basis of these data it is probably justifiable to conclude that 75 
per cent or more of the excess flow during deflation is the result of some 
other mechanism. That the other mechanism, which is largely respon- 
sible, is not reactive hyperemia, is suggested by its abolition with cocaine, 
and by its failure to increase with increasing duration of the inciting cause. 
It seems clear that in the distended cocainized loop the reduction in flow 
is not sufficient, in any tissue, to cause reactive hyperemia. Data to 
be published elsewhere show that the hyperemia following excessive 
distentions under pressures approaching arterial pressure, is not abolished 
or as greatly reduced by cocaine. It is likely that reactive hyperemia 
contributes to the excess flow on deflation only after such excessive dis- 
tentions. The decrease of deflation hyperemia with increasing duration 
of the distention requires further study before an explanation can be 
offered. 

These data, by excluding the two mechanisms studied from significant 
participation, support the interpretation of deflation hyperemia offered 
in the earlier report. 


SUMiMARY AND CONCLUSIONS 

The increased arterial flow into loops of small intestine following periods 
of low-pressure distention (deflation hyperemia) is associated except for 
the first few seconds folloiring deflation vdth an augmented venous flow, 
and usually is considerably greater in volume than the demonstrable volume 
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reduction of the gut walls during the distention. It is concluded that only 
a small portion (less than 25 per cent) of the deflation hyperemia can be 
due to the filling of vascular segments whose pressure is temporarily lowered 
during the period of decompression. The remainder of the deflation hyper- 
emia differs strikingly from reactive hyperemia in its sensitivity to cocaine, 
and in its relation to the duration of the inciting cause. Its mechanism is 
therefore probably not identical Avith that of reactive hyperemia. 

The assigmnent of a minor role to these two mechanisms makes it 
probable that the greater part of the deflation hyperemia is due to persist- 
ence of a resistance-lowering mechanism set up by stretch of the intestinal 
Avails. 
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Previous papers contain a description of a method for the determina- 
tion of taste thresholds which can be used both for rats and human beings. 
With this method the taste thre.sholds have already been determined 
for the two most common suRstances which appear in our diet in purified 
form, common salt and sugar. Rats showed that they could first distin- 
guish a sodium chloride solution from distilled water when the concentra- 
tion reached 0.055 gram per cent (1); human beings first recognized a 
difference between sodium chloride solution and distilled water in con- 
centrations of 0.016 per cent and first recognized a “salt” taste in con- 
centrations of 0.087 per cent (2). Rats first showed that they could 
distinguish a sucrose solution from distilled water in concentrations of 
0.5 per cent; human beings first recognized a difference between sucrose 
solution and distilled water in concentrations of 0.17 per cent and first 
recognized a “sweet” taste in concentrations of 0.41 per cent (3). Thus, 
for these two common substances human beings and rats have very nearly 
the same taste thresholds. 

A further study has now been undertaken on the taste thresholds of a 
highly bitter tasting substance, phenylthiocarbamide. This substance was 
used partly because it has already been employed in numerous studies on 
taste thresholds (4, 5) and on the inheritance of taste ability (6, 7, 8, 9, 
10, 11) and partly because, unlike sodium chloride and sucrose, it has a 
highly toxic effect on rats, 1 to 2 mgm. being^ sufficient to kill them in only 
a few hours (12). 

Methods. The rats were kept separately in cages, each of which 
contained a food cup and two graduated inverted 100 cc. bottles. The 
same two bottles were used in each cage throughout the experiment; and 
each bottle was marked and kept in the same corner of the cage, either on 
the right or on the left side. The fluid intake from the two bottles was 
recorded daily. For approximately 10 days both bottles were filled each 
day vdth distilled water. At the end of this time the intake from each 
bottle usually became fairly constant. Then one bottle was filled with a 
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subliminal concentration of a solution of phenylthiocarbamide, made Yitli 
distilled water; and each day thereafter the concentration of the solution 
Avas increased in small steps. As the concentrations Avere increased, a 
point AAms finally reached at Avhich the rats began to drink less phenyl- 
thiocarbamide solution and more Av^ater. The concentration at AA'hich 
they thus first indicated that they recognized the difference betAA'een 
phenylthiocarbamide solution and distilled Aimter Aims taken as the taste 
threshold. The temperature of the solution Amried AAuth the room tem- 
perature AA^hich ranged from 24° to 26°C. 

Of the 47 rats, 23 AA^ere males and 24 females. Records AA^ere kept of 
litter mates. The ages of the rats ranged from 70 to 152 days. 

In the threshold determinations on human beings the subjects Avere 
seated at a table opposite the experimenter. Taa^ one-ounce glasses, each 
containing about 5 cc. of distilled AA'ater, AA^ere placed in the subject's hands 
AAUth instructions to sample the fluids and to describe the taste of each 
one. Then the tAAm glasses Avere presented again, one containing distilled 
AA^ater, the other a subliminal concentration of phenylthiocarbamide. 
With each successhm trial the concentration AAms increased in the same steps 
used for the rats. One glass always contained distilled AAmter, the other a 
solution of phenylthiocarbamide. The glasses AA^ere indistinguishable, 
except for a small mark AAdiich Avas Ausible only to the experimenter. Their 
relatiim positions, to the right or to the left, AA^ere varied in an irregular 
order. A record AA'as kept of the sensations described by the subjects for 
each concentration. ^Wien the subjects definitely stated that phenyltliio- 
carbamide had a bitter taste or AAdien it AAms found that they could not taste 
a 0.25 per cent solution, the test Avas discontinued. To make certain that 
no difference in temperature existed betAA-een them, the phenylthiocar- 
bamide solution and the distilled AAmter AA’'ere checked at frequent inteivals. 
They AA^ere kept at room temperature AAdrich ranged from 22° to 26°C. 

Of the 261 human subjects, 139 AA'^ere males and 122 AA'^ere females. The 
ages varied from 17 to 50 years. Most of the subjects Avere students at 
the State Teachei-s College at ToAA’son, Maryland, and at Loyola College; 
the others AA’crc members of the laboratoiy and clinical staffs at the 
Phipps Psycliiatric Clinic. 

Results. Taste thresholds of, rats. Figure 1 shoAvs the record of a 
typical rat. The ordinates girm fluid intake in cubic centimeters; the ah- 
.scis.sas, time in days and concentrations of phenylthiocarbamide. During 
the preliminaiy period of seAmn days on Iaa-o bottles of distilled AA'ater, the 
rat drank more from bottle 1 than from bottle 2. On the eighth day 
phenylthiocarbamide Avas added to bottle 1, from Avhich the rat had been 
drinking more A\”ater. itfter 14 days, AA’hen the concentration of phenyh 
thiocarbamido had reached 0.0003 percent, the animal first began to drink 
fes.s of the phenylthiocarbamide solution. This Avas taken as the ta-stc 
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threshold. The rat complete]}’- refused all higher concentrations and 
drank only from the water bottle. 

Figure 2A gives the frequency curves of taste thresholds for the 47 rats. 
The taste thresholds ranged from 0.00005 to 0.02 per cent. The maximum 
frequency fell at 0.0003 per cent. Two rats did not begin to drink less 
of the solution until the concentration reached 0.02 per cent. 

Taste difference thresholds of human beings. Figure 2B shows the con- 
centrations of phenylthiocarbamide solution at which each of the 261 
human beings first stated that they detected a taste different from that 
of distilled water. They ranged from 0.000005 to 0.1 per cent. The 
maximum frequency fell at 0.0003 per cent, wliich is also the taste threshold 
for rats. 
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PER CENT CONCENTRATIONS OF SOLUTION 
Fig. 1 


When they fii'st recognized a difference between the phenylthiocarbamide 
solution and distilled water, 125 of the 261 human subjects stated that it 
had a bitter taste; 136 subjects recognized a difference but did not report 
a bitter taste. Table 1 gives a list of the different taste expressions and 
the frequency of their use by these individuals. 

Bitter taste thresholds of human beings. The concentrations of the phenyl- 
thiocarbamide solution at which the 261 human subjects first recognized 
a bitter taste ranged from 0.00001 to 0.2 per cent. See figure 2C. The 
maximum frequency, however, fell at 0.0003 per cent, which is the same 
concentration found for the difference thresholds for the same human 
subjects and for the taste thresholds of rats. At water saturation of 
phenylthiocarbamide (0.25 per cent) 13 individuals failed to recognize a 
bitter taste. These same individuals had, however, recognized a differ- 
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THRESHOLD CONCENTRATIONS 
FREQUENCY CURVES 
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TABLE 1 


Expressions used to describe subluninal phcnyllhiocarbamide solutions as compared 
with distilled water and frequency of use 


TASTE SENSATIONS 

NUMBEK OF SUnJECTB 

DifTerent 

33 

Stronger 

18 

Dry 

11 

Alum — Puckering 

5 

Burning 

2 

Sweet . 

IS 

Sal tv 

5 

Sour 

17 

Iron 

2 

Other scn.sations and combinations of the above 

28 

Total 

130 


ence in ta.ste between tlie phenylthiocarbamidc solution and distilled wate.r. 
They objected to the taste of the phenylthiocarbamidc even though it did 
not taste bitter to them. Thc.se re.sult.s confirm the work of Salmon atid 
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Blakeslee (5), wlio report a maximum frequency for bitter responses at 
0.000312 per cent. In their study on 93 individuals, 3 per cent were 
non-tasters. 

Real\rks. With the hope of simplifying the technique used on rats 
we attempted to determine the taste threshold with one bottle in place 
of two. For about 10 days this bottle was filled with distilled water, and 
daily records were taken to obtain a base line of fluid intake. Then the 
bottle was filled with a subliminal concentration of phenylthiocarbamide 
solution, and the concentrations were increased each day exactly as with 
the two-bottle technique. With this method the maximum frequency 
fell at 0.009 per cent, which was considerably above the threshold of 0.0003 
per cent obtained vith the two-bottle technique. The concentrations 
from 0.003 to 0.009 per cent included 41 of the 47 rats. At these con- 
centrations the distastefulness of the solution must have overcome the 
thirst. Clearly, the taste threshold given by this method is far above the 
actual threshold. Figure 1 shows a t 3 'pical record obtained with the 
one-bottle or no choice method. 

Taste as a guide. The results of these experiments have demonstrated 
that most of the rats avoided the highly toxic phenylthiocarbamide even 
in very low concentrations. The question arises, then, as to whether rats 
could be made to take phenylthiocarbamide in lethal doses if it were offered 
in a solution vith some substance for which they have a strong cra\dng, or 
simply if it were mixed with the regular stock diet. 

In one set of experiments 8 rats kept on the stock diet were offered a 
choice between plain water and a 20 per cent dextrose solution which 
contained 0.02 per cent of phenylthiocarbamide. Table 2 summarizes 
the results. For the 10 days before the phenylthiocarbamide was added 
the daily intake of the 20 per cent dextrose solution averaged 62 cc. When 
phenylthiocarbamide was added to the dextrose solution, the daily intake 
dropped sharply to 6.6 cc. for the first 24 hours. From their intake 
of this solution the rats received from 0.8 to 2.0 mgm. of phenylthio- 
carbamide per day — that is, amounts which fall at the lower limits of the 
lethal dose. Four of the rats died within 12 hours; the other 4 apparently 
did not drink enough of the dextrose solution to kill them. They gave no 
indications of any toxic effects. 

This experiment was repeated on 8 rats with twice the amount of phenyl- 
thiocarbamide added to the dextrose solution (0.04 instead of 0.02 per 
cent). Here again 4 rats died and 4 showed no signs of toxic effects. The 
daily phenylthiocarbamide intake of the rats which lived ranged from 0.04 
to 2.0 mgm. and of those that died, from 1.6 to 2.8 mgm. The deter- 
mining factor in such an experiment would presmnably be the amount 
of phenylthiocarbamide ingested at any one time. 

In another experiment Ave offered 9 rats a choice between the regular 



162 


CURT P. RICHTER AND KATHRYN H. CLISBY 


stock diet in one cup and the stock diet mixed -with a certain amount of 
phenylthiocarbamide in a second cup. For 3 rats the food contained 500 
mgm. of phenylthiocarbamide per 100 grams, or 0.5 per cent; for 3 rats 
the food contained 200 mgm. of phenylthiocarbamide per 100 grams, or 
0.2 per cent; and for 3 rats it contained 100 mgm., or 0.1 per cent. Table 
3 summarizes the results. The first 3 rats took from 2 to 3 grams of the 
phenylthiocarbamide food, thus ingesting 10 to 15 mgm. of phenylthio- 


TABLE 2 


j 

RAT 

NUMBER j 

1 

SEX 

INTAKE OF 
DEXTROSE, 

20 PER CENT, 
10-DAY 
AVERAGE 

INTAKE OF PTC, 

0.02 PER CENT, 

AND DEXTROSE, 

20 PER CENT, 

1 DAY 

INTAKE OF 
PTC 

SURVIVAL TIME 



CC. 

cc. 

mgm. 


1 

cf 

62 

10.0 

2.0 

12 hours or less 

2 

cf 

70 

8.0 

1.6 

12 hours — died 

3 

cT 

44 

6.0 

1.2 

12 hours — died 

4 

O’ 

74 

6.0 

1.2 

12 hours — died 

5 

cf 

59 

9.0 

1.8 

Survived 

6 

o’ 

56 

5.0 

1.0 

Survived 

t 

c? 

60 

5.0 

1.0 

Survived 

8 

o’ 

67 

5.0 

0.8 

Survived 

.\veragc 

62 

6.6 






PTC, 0.04 PER 






CENT, AND 






DEXTROSE, 






j 20 PER CENT 



9 

cf 

65 

7.0 

2.8 

12 hours— died 

10 

& 

60 

5.0 

2.0 

12 hours — died 

11 

o’ 

53 

4.0 

1.6 

12 hours — died 

12 

o’ 

53 

4.0 

1.6 

12 hours — died 

13 

cf 

65 

5.0 

2.0 

Survived 

14 

cT 

i 59 

4.0 

1.6 

Survived 

15 

& 

1 49 

2.0 

0.8 

Survived 

16 

o’ 

60 

1.0 

0.4 

Sur^^ved 

Average 

57 

4.5 





carbamide. They all died \rithin a few hours. The second 3 rats ingcstcf 

1 to 2 grams of the phenjdthiocarbamide food, thus getting 2 to 4 mgm. of 
phenylthiocarbamide. All 3 died. One of the last 3 rats ate 2 grams of 
the phenylthiocarbamide food and died; one rat ate 1 gram; the other did 
not eat a sufficient amount of food for weight detennination. The latter 

2 rats survived. 

The high mortality of the rats that received the phenylthiocarbamide 
in their food may be explained by the high degree of insolubility of the 
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phonylthiocavbanndo in powdered form. Undoubtedly the rats sampled 
the food in both cups. Since the phenjdthiocarbamide is so highly in- 
soluble, they must have eaten a lethal dose of the phenylthiocarbamide 
food before, they recognized the bitter taste. The 50 per cent mortality 
of the rat.'; which received phenylthiocarbamide in the dextrose solution 
may be explained partly by the possibility that the sweetness of the dextrose 
may have greatly reduced the bitter taste of the phenylthiocarbamide 
and partly by the possibility that the craving for the dextrose overcame 
the aversion to the phenylthiocarbamide. Since taste thresholds were not 
determined previously on these rats, it is possible that the animals that 
died maj’ have been less sensitive to the bitter taste. 


TABLE 3 


RAT 


INTAKE 

I*TC IN 

INTAKE OF 

SUnVIVAI. TIME 

XUMRKn 

Rof:ulnr 

food 

PTC food 

rool) 

PTC 

17 

9 

prams 

0 

grams 

3 

per cent 

0.5 : 

mpm» 

15 ; 

12 hours or less 

18 

9 

2 

2 

0.5 

10 

12 hours — died 

19 

9 1 

2 

2 

0.5 

10 

12 hours — died 

20 

9 

1 

2 

0.2 

•1 

12 hours— died 

21 

9 

0 

2 

1 0.2 

4 

1 12 hours— died 

22 

1 

9 

2 

1 

0.2 

2 

12 hours— died 

23 

9 

2 

1 

2 

0.1 

2 

12 hours— died 

24 

9 

2 

1 

0.1 

1 

Survived 

25 

9 

2 

0 

0.1 

0 

Survived 


Discussion. The results of these experiments bring further evidence 
for the close gustatory relationship of rats and human beings. We know 
now that rats and human beings have almost identically the same taste 
thresholds for common sugar, salt, and phenylthiocarbamide. 

Since about 5 per cent of human beings scarcely taste the substance, 
or do not get its bitter taste at all, they very likely would take dangerously 
large amounts, even if the phenylthiocarbamide were offered in an aqueous 
solution. Human beings who are taste blind to phenylthiocarbamide and 
similar substances should be helped in their dietary selections and avoid- 
ances just as color blind individuals are helped by special signs and 
warnings. 


SUMMARY 

1. For the 47 rats the taste thi-eshold concentrations ranged from 0.00005 
to 0.02 per cent. The maximum frequency fell at 0.0003 per cent. 
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2. For the 261 htiman subjects the concentrations at which the plienyl- 
thiocarbamide solution first tasted different from distilled water ranged 
from 0.000005 to 0.1 per cent. The maximum frequency fell at 0.0003 
per cent, at which concentration rats first indicated that they recognized a 
difference between the phenylthiocarbamide solution and distilled water. 

3. The concentrations at which human subjects first recognized a bitter 
taste ranged from 0.00001 to 0.2 per cent. The maximum frequency for 
the 261 individuals again fell at 0.0003 per cent. Thirteen individuals 
never recognized a bitter taste even though they did recognize that the 
phenylthiocarbamide did not have the same taste as the distilled water. 
These results confirm those of Salmon and Blakeslee (5). 

4. The concentration at which 95.5 per cent of the rats refused to take 
the phenylthiocarbamide solution fell below the lethal doses. 

5. It was found that when phenylthiocarbamide was mixed ndth regular 
food most of the rats, would eat enough to kill themselves. This may be 
explained by the fact that, due to the insolubility of phenylthiocarbamide, 
they swallow it before they taste it. ^\Tien the phenylthiocarbamide 
was placed in a 20 per cent dextrose solution, 50 per cent of the rats drank 
sufficiently large amounts to kill themselves. The sweet flavor of the 
dextrose may have concealed the bitter taste of the phenylthiocarbamide. 

These experiments were greatly aided by the cooperation of Rev. R. B. 
Schmitt, S. J., of Loyola College and Dr. M. Theresa Wiedefeld of the 
State Teachers College at Towson, Maryland. 
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Studies of blood volume changes occurring in various environments 
made by the use of indirect methods (1, 2, 3) have yielded somewhat con- 
flicting results. With the carbon monoxide and dye methods (4, 5, 6) 
increases in blood volume have been noted in subjects exposed to warm 
environments for appreciable lengths of time. Decreases occurred when 
they were returned to cool surroundings. Other workers have found either 
small (7) or no changes (8, 9) in blood volumes of subjects after acclimatiza- 
tion to warm environments. The authors (10) have reported increases 
in plasma volume of subjects exposed to hot environments for 2 to 3 hours. 
The control experiments, under comfortable conditions, were done 7 to 
10 da 3 '^s prior to the da}’- of the experiment. This work was open to the 
criticism that the phj'^siological states of the individuals might have been 
altered in the interval. It seemed wise to repeat the experiments meas- 
uring the control blood volume on the daj'- of the experiment. 

Experimental procedures. The plan called for two blood volume 
determinations to be carried out on the same subject the same morning; 
the first in a comfortable environment; the second after exposure to heat. 

Subjects. The subjects were all health 3 '' male medical students ranging 
from 20 to 27 years of age. The 3 ’' had slept in the room the night before 
under comfortable conditions. Prior to entrance the 3 ’^ drank freeL'- of 
water. All determinations were carried out on the nude subjects under 
basal conditions. IVhen the subject was weighed this was done imme- 
diately after each blood volume was completed. As a precaution (11, 12) 

1 This work was made possible bj”^ a grant of the American Society of Heating and 
Ventilating Engineers. 
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the subject was again recumbent for at least 90 minutes before the second 
blood volume was started. Correction was made for the blood withdrawn. 

The room. Conditions in the experimental room were first 28.6°C. dry 
bulb and 19.7°C. w'et bulb. This constituted the “comfortable environ- 


ment” which is in the “neutral zone” of DuBois (13). Air movement 
was constant and minimal, and the temperature of the wmlls was almost 
identical wdth the temperature of the air. After the first blood volume 
determination, the thermostat and humidistat were changed to the desired 
“hot” readings. Usualty about 45 to 55 minutes were needed for the room 
to -warm up. At this time the surface temperature of the globe thermome- 
ter was within 0.4°C. of the air temperature. 

The temperatures of the hot environments were varied but had in com- 
mon a dry bulb as high as the normal body temperature, or higher. Tliis 
compelled the heat loss to be entirely evaporative. 

Observations. The blood volumes were determined by the method 
of Gibson and Evel 3 m (14) using the djm T1824 and the Cenco-Sheard 
lihotelometer. Additional observations, which included blood counts, 
blood protein analj'^ses, rectal temperature, and vital capacitj'’ were all 
made in the comfortable and again in the hot conditions. 

Results. Controls. Table 1 shows the results in 5 subjects on whom 
blood volume determinations were carried out twice in the same morn- 
ing, the conditions being identical. These experiments show excellent 
agreement. 

Plasma volume increased. Table 2 shows those instances in which an 
mcrease in the circulating plasma volume of 5 per cent or more was ob- 
served. One notices that the extent of increase in cumulating plasma 


volume may be considerable, reaching 13 per cent wdiich is more than four 
times the maximum variability observed in the control series. The volume 
of red cells in circulation also increased appreciabbL These increases 
occurred despite the loss of significant quantities of bod}'" water. The 
wet bulb was rather loiv in all but one experiment (27.5°C.). In an 
atmosphere at this Avet bulb and a dry bulb of 37.3° to 37.8° gross sweating 
will appear. Hence the emdronments used Avere those conducive to a 
read}^ eAmporatwe loss of heat. The heat produced Avas almost completely 
lost as indicated by the slight changes in rectal temperature. Apparenth 
mobilization of fluids is an earty adjustment for heat elimination, hhe 
fluids consist of blood AAdiich is presumabty stored in the so-called “blooc 
depots,” the capillaries of the spleen, Ih-er, lungs, and probablj’’ muscle.-:. 

Plasma volume decreased. In four experiments a diminution in cn di- 
lating plasma Amlume of more than 5 per cent Avas observed (table 3). It 
eas3’ to belieA'e that in the last tAvo c.xperiments on this table, the subjects 
Avere in a relative state of anlmlremia resulting from exposure of more than 
three and one-half houm to Amiy hot (44.7°C. dry bulb) conditions Avit i a 
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TABLE 1 


Conlrols 


SUBJECT AND DATE 

MINUTES BETWEEN 
BYE INJECTIONS 

PLASMA VOLUME 

BBC VOLUME 


i 

CC. 

CC. 

M. A. 

0 

3497 

2896 

12/10/39 

140 

3498 

2839 

J. W. 

1 

0 

2976 

2747 

12/20/39 

149 

2966 

2679 

F. R. 

0 

2083 

1699 

1/2/40 

153 

2042 

1691 

C. N. 

0 

3226 

2453 

1/8/40 

138 

3179 

2370 

P. H. 

0 

2941 

1403 

1/9/40 

129 

2861 

1473 


TABLE 2 


Plasma volume increased 


SUBJECT 

AND 

DATE 

CONDITIONS 

EXPOSURE 

TIME 

PLASMA 

VOLUME 

PER CENT 
CHANGE 

BBC VOL. 

PER CENT 
CHANGE 

RECTAL 

TEMP. 

•WEIGHT 

LOBS 

Dry 

bulb 

Wet 

bulb 


°C. 

°C. 

minules 

CC. 


CC. 


°c. 

grams 

C. G. 

Coi 

nf.* 


3049 


2485 


36.8 


6/3 

37.2 

22.1 

130 

3448 

+13.1 

2731 

+9.9 

37.4 


A. M. 

Coi 

nf. 


2583 


2349 


37.2 


9/23 

37.6 

27.5 

59 

2866 

+10.9 

2742 

+16.7 ! 

37.2 

381 

F. C. 

Coi 

nf. 

1 

2840 


2232 


36.6 


9/5 

37.3 

24.2 

162 

3122 

+9.9 

2589 

+16.0 

36.9 

596 

H. C. ^ 

Coi 

nf. 


3367 


2468 


36.9 


6/7 

37.2 

24.3 

138 

3663 

+8.8 

2855 

+15.7 

37.4 


F. C. 

Coi 

nf. 


3380 


2575 


36.3 


7/26 

44.7 

26.4 

216 

3572 

+5.7 

2832 

+10.0 

36.9 


H. C. 

Cor 

nf. 


3012 


2802 


37.0 


5/28 

37.2 1 


160 

3165 

+5.4 

2924 

+4.4 

37.5 



* Comf. = Dry bulb 28.6, wet bulb 19.7. 


wet bulb reading of 27.1° and 27.5°C. However, the fall in circulating 
plasma volume is rather low, less than the increases reported above. The 
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instance of R. G. on 8/30, when comparatively short exposure of 156 
minutes to a moderate^ hot environment (37.3°C. dry bulb, 20.3°C. wet 
bulb) led to a fall in blood volume without a rise in rectal temperature of 
over 37.0°C., is difficult to understand. Further studies will be required 
to understand the conditions under which plasma concentration occurs 
following relative^'' short exposures to hot environments. 

Plasma volume unchanged. Table 4 shows results in many cases having 
in common the observation of less than 5 per cent change in circulating 
plasma volume. The chief fact obvious at a glance is that the extent of 
change in plasma Amlume is not related to the quantity of winter lost by 
sweating. One man lost 1104 grams in weight while shoving a change 


TABLE 3 

Plasma volume decreased 


SUBJECT 

AND 

DATE 

CONDI 

Dry 

bulb 

TIONfl 

Wet 

bulb 

EXPOSUnE 

TIME 

PI^SMA 

VOLUME 

PEn CENT 
CHANOE 

nuc VOL, 

PER CENT 
CHANGE 

RECTAL 

TEMP. 

TVEIGHT 

LOSS 


«C. 

°C. 

minutes 

ec. 


cc. 


“C. 

gTams 

S. J. 

Comf. 


3164 


2137 


36.4 


9/27 

37.5 

29.7 

69 

2977 

1 

-5.9 

2042 

-4.4 

37.2 

450 

R. G. 

Coi 

nf. 


3196 i 


2583 


36.6 


8/30 

37.2 

20.3 

156 

2995 

-6.3 

2463 

-4.6 i 

36.9 

546 

R. G. 

Coi 

nf. 


3547 


2732 


36.7 

i 

7/24 

44.7 

27.1 

216 

3336 

-6.0 

2983 

+9.2 

37.6 


A. M. 

Cor 

nf. 


3333 


2876 


36.9 


7/22 

44.6 1 

27.5 

226 

3119 

-6.4 

2960 

+2.9 

38.1 



of about the same magnitude in circulating plasma volume as that shown 
by another subject after losing only 569 grams. 

Apparently, the experiments detailed in this table show that the two 
physiological processes, which produce opposite effects on the blood volume, 
may be so combined as to neutralize each other. Thus the expansion o 
the volume by the flow of blood from the reservoirs goes on simultaneous j 
with the evaporation of Avater from the plasma spread out in the capillanc.^. 
Bj' selecting conditions one or the other process ma}’' predominate anc 
giA’e an increase or decrease in volume. Moi'e commonly no change 
is noted. 

As the exj)osure to the hot environment continues, new supplies of w'atei 
are requisitioned from the tissues to replace that evaporated from t ic 
plasma. The quantity of water .so transferred is indicated as weight loss 
in grams. Once the blood volume has been increased with the addition 
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TABLE 4 


Plasma volume unchanged 


SUBJECT 
AND DATE 

CONDITIONS 

EXPOSDEE 

TlilE 

PLASMA 

VOLUME 

PER CENT 
CHANGE 

RBC. 

VOL. 

PER CENT 
CHANGE 

RECTAL 

TEilP. 

WEIGHT 

LOSS 

Dry 

bulb 

Wet 

bulb 


“C. 

"C. 

minutes 

CC. 


CC. 


°c. 

grams' 

S. J. 

Comf. , 


3105 


2251 


36.7 


9/11 

37.8 

1 18.7 

169 

3140 

+1.1 

2372 

+5.4 

37.2 

652 

R. G. 

Co: 

1 

mf. 


3817 


3249 


36.8 


8/2.3 

37.4 

20.6 

160 

3725 

-2.4 

3162 

-2.7 

37.0 

569 

J. W. 

Co 

mf. 


3497 


2815 


36.9 


5/31 

38.0 1 

20.6 1 

91 

3546 

+1.4 

2820 

+0.2 

37.3 


T. S. 

Co 

mf. 

1 

3690 


3094 


36.4 


9/3 

37.5 1 

22.4 

161 

3821 

+3.6 

3322 

+7.4 

37.1 

554 

J. W. 

Co 

mf. 


3322 


2606 


36.7 


6/10 

37.2 

22.7 

1 

148 

1 

3333 

1 

+0.3 

2760 

i 

+5.9 

37.1 


A. M. 

Co 

mf. 


3185 


2859 

i 

36.8 


8/14 

37.6 

25.6 1 

186 

3236 

+1.6 

2951 

+3.2 

37.4 

816 

T. S. 

Co 

mf. 


4255 


3044 


36.5 

1 

10/1 

37.5 

27.0 

60 

4429 

+4.1 

3217 

1 +5.7 

37.1 

335 

W. H. 

Co 

mf. 


2398 


2484 


36.8 


9/19 

37.6 

28.1 

132 

2426 

+1.2 

2632 

+6.0 

37.3 

652 

R. G. 

Co 

mf. 


3164 


2601 


36.6 


7/16 

37.3 1 

28.3 1 

205 

3259 

+2.9 

2822 

+8.5 

37.2 


A. M. 1 

Co 

mf. 


3108 


2757 


37.0 


8/8 

37.6 

28.6 

201 

3114 

+0.2 

2877 

+4.4 

37.8 


C. G. 

Co 

mf. 


3303 


2497 


36.8 


6/21 

37.3 

1 29.7 

182 

3354 

+1.5 

2613 

+4.6 

37.6 


H. G. 

1 

Comf. 


3509 


2930 


36.9 


6/24 1 

37.8 1 

30.1 

201 

3496 

-0.4 

3075 

+5.0 

37.9 


T. S. 

Co 

mf. 


4423 


3169 


36.7 


10/23 

44.2 1 

21.6 

187 

1 

4277 

-3.3 

3241 

+2.3 

37.4 

1104 

S. J. i 

Co 

mf. 


3154 


2383 


36.7 


10/25 

44.3 j 

23.5 

188 

3039 

-3.6 

2320 

-2.6 

37.6 

1279 


of nev* blood from the bodj’’ reservoii's, the cells remain even though the 
plasma may be subsequently reduced by evaporation. This is shovm bj^ a 
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significant increase in the circulating volume of red cells in 10 out of 14 
experiments in the plasma unchanged group. 

Plasma volume increased, unchanged, and decreased in two subjects. In 
two subjects (table 5) the plasma volume was found to show an increase, . 
no change, and a decrease. The increases occurred when the subjects 
had been exposed through relatively short periods. The decreases were 
noted after longer exposures to more severe conditions. 

TABLE 5 

Plasma volume increased, unchanged and decreased in two subjects 


SUBJECT 

Aim 

DATE 


A. M. 
9/23 

8/8 


7/22 


T. S. 
10/1 

9/3 


2/9 


10/23 


Blood counts. Counts of I’ed and white blood cells were done in duplicate 
at approximateh’’ the same time the dye was injected for the blood volume 
determinations The blood was obtained by puncturing the ear lo^^- 
The dilutions and counts were made by the same individual througlimi 
(M. M.). Care was taken to obtain thorough mixing of the cells with t ic 
diluting fluid and the pipette.s weie alwaj^s rotated immediately pi ioi o 
depositing the suspension in the counting chamber. 

It is ajjparent that there are no significant changes in jcd cell coun 
except for the two cases lia\’ing a relative anhydremia. There arc sigm > 
cant alterations in white cell count in 10 out of 24 e.xpcrimcnts, Suicc 


CONDI 

Diy 

bulb 

TIONS 

Wet 

bulb 

EXPO- 

SXTRE 

TIME 

PLASMA 
VOLUME ! 
CHANGE 

PER CENT 
CHANGE 

REG 

VOL. 

CHANGE 

PER CENT 

change 

PER 

CENT 

PRO- 

TEIN 

TOTAL 

circu- 

lating 

SERUM 

PROTEIN 

RECTAL 

TEMP. 

WEIGHT 

LOSS 

"C. 

“C. 

minutes 

CC. 

1 

CC. 




°c. 

grams 

Comf. 


2583 


2349 


6.68 

173 

37.2 


37.6 

27.5 

\ 59 

2866 

+10 

2742 

+16.7 

6.72 

193 

37.2 

381 

Co 

mf. 


3279 


2757 


6.95 

228 

37.0 


37.6 

28.6 

201 

3216 

-1.9 

2877 

+4.4 

6.57 

211 

37.8 


Co 

mf. 


3333 


2876 


6.66 

222 

36.9 


44.6 

1 27.5 

226 

3119 

-6.4 

2960 

+2.9 

7.23 

225 

38.1 


Co 

mf. 


4255 


3044 


6.78 

289 

36.5 


37.5 



4429 

+4.0 

3217 

1 +5.7 

6.69 

296 

37.1 

335 

Co 

1 1 
mf. 

1 

3690 


3094 


7.06 

261 

36.4 


37.5 

22.4 

1 

161 

3821 

+3.3 

3322 

+7.4 

6.88 

263 

37.1 

554 

Co 

mf. 


4000 


3220 




36.3 

488 

37.7 

30.7 

150 ! 

3968 

-0.3 

3173 

-1.4 



37.6 

Co 

mf. 

i 

4423 


3169 




36.7 

1104 

44.2 

1 21.6 

187 

4277 

-3.3 

3241 

+2.3 



37.4 


1 








— . — 













? < . ««ji t j>£ ; 


JX fhr; 


f N'i IS'.MNMj *. j 


iTl 



}• 


ihfh' 'ih ’ii!' !l!S;t S »» ;il S t ■»!? •* 


:b. ; 5?i u,' Uitiifsiib* i h\ \’:sn ,''!v'',<-'> 

■ L”* ']■; ( .lil’ >.'■!' *-1 b.'iJ.i’f fi 

. hi • i 1 '■ Sts %‘>lsis'h 
b> jii itijn 

.* J r > Ji! > \ I’re nh tfw I. \u?|i 

d ) .’' lib'll!;'; jd'-tn*! ps’i't* !!i‘ I'Sbr' 

I « < i \'i i>\t1 jib'- f I L ^ , *< T*. "I’isi' 

bbif!'*'! ]') «* :i!. u'l; und 


’i \f;l f ( 

T lb- i' If' ? 


c t f -i i *T^* "• 


- ' -J '« 1. 1' , 

3 -» 

V r 

}i' 

i ' 

H7 


*• i t r- 

r- <► y 

»'f !■ » . 

" J t: 


•* V ' ‘ J 

,1 , , , 





J - A fc ) 





r 

i .4 





•> 

^ . 

* . 1 

' «« f 

V ♦ ♦ 

> K 





33 n 

\ 

* 

T - • 

P> / 


» ♦ 

* • ' 1 

37 

57.3 

37.0 

‘t /■ 

t ' 

( - > 


«. 77 

5 n 

7 3 3 

I;-,. 

5- ') 

} t' 

5 - { 

K * I 

4 > •' 

r? s 

f. r; 

5 </. 

! -'.7 

377 

5 3 ,33 


<»-’ 

"! Vj-} 

* r 

$vl « 

(. .‘a 

5 (/1 

3 7s 

Pm 

50.:3 

ii *' 

< IT 

■v <r, 

} I *t 

r, pi 

5 Pti 

3 :>•; 

70s 

353 .5 

*■ 7 

<■ d- 

T '*'« 

)% - 

:-'7 

1 ;‘d 

1 70 

705 

i'i.s 

5 . 

: ■’ 73 



I- 5 5 

5 7'". 

1 \H 

73*5 

Kt 7 

- 4 

1 *■ ’ 


s- yd 


«■ 

' !'i 

1 7.0 

■ » V-. ' 

, ...t ( 

•{3.7 

Jl r. 

1 n -57 

! I'.'f 

Uv T 

d 31 

S 70 

3 5! 

ISJ ■ 

•Is. 7 

»» *>• 

. 1 1 . 

: n " 


i. ns 

5 50 ' 


707 i 

-3S.0 


.>tl. <<il. Mvicii-jitiv, til'* {jlb'-tn;; vnliiJnc !“ i>f 

lliiid I)nvi!i5'; nlnatt Un- >:uu»' jitut'-iji riiitrt ntsnlioM » < the nonnnl pl.n-'iiuu 
111'- •*';!»!' 'itnufioii b\!'S jft the ^;rb»ip (tublf SI whcit' 

njif Miiij' f’! fA. M. S/Sj 'lidUb }t (itop i*f qiM" tiotcihlc -ii'nirH Uiitf <'tijupl>- 
iiiS; A. a |n ! df thd iluli'i! pintditi rnut'<'li(t;Aidii. 'I'ht* K!!HU -5 af l«»tnl 

rif/uinlifip pin tH.'i prd!<<iii> iiitrhniij^^nl. Iii flic l■dIlOCIltlntidn 

pjonp (tnhlo 7 ) fhcrc v. :i - n pcici‘jun‘»c iiicrcavf in Uic jilic-mn piotciiH in 
(no cnv*''! wiihdijf clinjiKc in flic loinl circulntiu}.: p!^tcin^ (f'N|U'c>sf(i jn 
{jniin’d. 'rhi‘ npnin iiniicnn-. fluil flic Cdnccninitidii i** nf trilnitnhlc In 
ihc c>v;tpf>i;if idii of v,A(cr niui •-lidtiM he roic'iflctcd ns nn nnhydi'cinic plic- 



172 GLIGKMAN, HICK, KEETON AND MONTGOMERY 

i 

nonienon. The results on R. G. 8/30 are not in agreement and at present 
are not explained. 

Changes in -pulse rate. The correlation between the pulse rate and the 
rectal temperatures of subjects in a steady state exposed to hot environ- 
ments of var 3 dng degrees has been previously reported (17). From 101 
observations on 5 subjects it was noted that an average increase in pulse 
rate per degree centigrade rise in rectal temperature was 25 beats. At 
that time changes in plasma volume were not considered. In table 9 the 
correlation is now extended to include both plasma volume changes and 
changes in rectal temperatures. It is evident that an increase in plasma 
volume tends to minimize the increase in pulse rate. The primary cor- 
relation therefore, of pulse rate increase, is with a rise in rectal temperature 
and the secondary’' one with plasma volume changes. 


TABLE 7 

Plasma volume decreased 


SUBJECT AKD 

R.B.C. 

YV.B.C, 

Hb. 

PER CEKT PROTEINS 

TOTAL CIR- 
CULATING 

hema- 

tocrit 

BATE 

Total 

Alb. 

Glob. 

SlRUM 

PROTEINS 

S. J. 

millions 

4.72 

thoiLsands 

8.57 1 

13.5 

6.12 

4.60 

1.52 

grams 

194 

40.3 

9/27 

4.39 ! 

9.50 1 

13.7 

6.28 

4.55 

1.73 

187 

40.7 

R. G. 

4.70 1 

7.90 

15.2 

6.53 

4.86 

1.67 

209 

44.7 

8/30 

5.00 1 

9.55 

15.3 

6.00 

4.97 

1.03 

180 

45.1 

R. G. 

5.45 

7.35 

15.3 

! 6.54 

4.80 

1.74 

232 

43.5 

7/24 

6.23 

7.00 

16.2 

1 7.29 

5.18 

2.11 

243 

47.2 

A. M. 

5.35 

7.38 

16.2 

6.66 

4.81 

1.85 

222 

46.3 

7/22 

1 6.11 

6.10 

17.3 

7.23 

5.22 

2.01 

225 

48,8 


Discussion, The difficulties in the measurements of plasma volume 
are man\^ Although these have been reduced bj’^ the studies ol Roun- 
tree (18), Gregersen (19), Gibson (8) and others (20, 21), one still encoun- 
ters pitfalls. It can be readilj^ seen that deductions as to plasma volume 
changes derived by following hemoglobin, specific gravity, total solids, 
and hematocrit determinations are unreliable. Thus in the experiments 
in which the plasma showed either a dilution or concentration, there weic 
no significant changes in these values. 

^Yith the d.yc method as now standardized, one would expect to secure 
over a period of time reproducible plasma volumes in any given subject. 
Reference to table .5 .shows that the plasma volumes of two subjects uho 
should liave been in a stcadj* slate under our “comfortable environment 
wore not the same from da 5 ' to day. Similar discrepancies have been 
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TABLE S 


Plasma vohme unchanged 


STIBJECT AKD 

E.n.c/s 

j 

W.n.C.’s ; 

Hb. 

PER CENT PROTEIN 

TOTAL CIR- 
CULATING 

HEMA- 

DATE 

Total 

Alb. 

Glob. 

SERUM 

PROTEINS 

TOCRIT 


millions 

thousands j 





grams 


S. J. 

4.72 

10.05 

14.7 

6.42 

4.63 

1.79 

199 

42.0 

9/11 

4.78 

7.85 


6.68 

4.47 

2.21 

208 

43.0 

E. G. 

5.27 

7.70 

15.9 





46.0 

8/23 

5.30 

7.60 

! 

15.9 





45.9 

J. W. 

5.01 

7.80 






44.6 

5/31 

5.15 

4.50 






44.3 

T. S. 

4.85 

5.47 

j 

i 

7.06 



260 

45.7 

9/3 

4.77 

5.40 

i 

6.88 



263 

46.5 

J. W. 

5.08 

7.25 

14.8 





44.0 

6/10 

5.22 

5.60 

15.4 

1 





45.3 

A. M. 

5.38 

6.92 

16.6 

6.76 

4.90 

1.86 

215 

47.3 

S/14 

5.35 1 

6.15 

16.4 

7.08 

5.04 

2.04 

229 

i 

47.7 

T. S. 

4.69 

i 

5.25 i 

1 

14.8 

6.78 

4.65 

2.13 

288 

41.7 

10/1 

4.62 

i 

4.72 

14.9 

6.69 

4.56 

2.13 

296 

42.1 

W. H. 

5.27 

9.22 

17.7 





50.9 

9/19 

5.68 

9.10 

17.8 





52.0 

R. G. 

5.17 

8.00 

15.8 

6.71 

4.72 

' 1.99 

212 

45.1 

7/16 

5.27 

8.25 

16.2 

6.72 

4.84 

1.88 

219 

46.5 

A. M. 

5.60 

9.47 

17.0 

6.95 

4.73 

2.22 

216 

47.0 

8/8 

5.35 j 

9.45 

16.9 

6.57 

4.78 

1.79 

204 

48.0 

p 

5.03 ' 

7.12 

14.8 

6.65 

4.57 

2.08 

220 

43.1 

6/21 

5.32 

5.72 

15.3 

6.84 

4.75 

2.09 

229 

43.8 

H. C. 

5.67 

7.45 

15.3 

6.60 

4.66 

1.94 

231 

45.6 

6/24 

5.74 

7.22 

15.8 

: 6.79 

5.10 

1.69 

237 

46.8 

T. S. 

4.73 

5.20 

14.8 





41.7 

10/23 

4.66 

6.22 

15.3 





43.1 

S. J. 

4.74 

9.37 






43.0 

10/25 

4.59 

9.70 






43.3 


found in the literature. This is not necessarih' a reflection on the method 
or the technique of its application. Apparently the circulating plasma 
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volume in any individual is not necessarily fixed. It is not always the 
same daj'^ after da3^ There is a constant phasic adjustment between the 
circulating blood voliune and the vascular bed. Patients with large 
spleens (22) have large blood volumes. After the spleen is removed the 
volume is decreased. The plasma volume drops (10, 11) when the indi- 
vidual assumes the standing position. TiTien the atmospheric environment 
is cool the quantity of blood in the lungs as measured by the vital capacity 
is larger than when the environment is hot (23) . When the surroundings 
are ivarm the blood shifts to the peripherj’- of the body. 

It now becomes apparent that one must exercise extreme caution in inter- 
preting blood volume estimations from day to day, such as have been 
reported in acclimatization studies. Consequent!}’-, we believe our pro- 
cedure of determining the blood volume immediatel}’^ before and after an 
experiment is a more reliable index of a given physiological adjustment. 
It would seem that in the adjustment to hot environments the plasma 
volume regularl}’- increases. In a number of our experiments this was 


TABLE 9 
Pulse rate changes 


PLASMA VOLUME 

EXPERIMENTS 

AVERAOE tNCHEABE 
OP PDL8 e/‘’C. niSE IN 
nECTAE TEMPEnATDRE 

Increased 

6 

7 

Unchanged 

14 

18 

Decreased 

4 

34 

Not determined 

101 

25 


found to be between 5 per cent and 13 per cent. In others it was not ob- 
served but an increase in red cell volume was noted. In these latter 
experiments it would seem that water was lost from the plasma, but the 
cells wliich had been swept into the circulation during the dilution phase 
remained behind and were obseiwed as an increased red cell volume. It 
was fm’ther noted that in those subjects whose plasma volume increased 
there was no significant rise in the pulse as the rectal temperature rose. 
This suggests that some subjects have a readily mobilizable reserve plasma 
volume. With the rise in temperature the peripheral vessels dilate and the 
increased vascular bed is filled with this reseive plasma. Other subjects 
who are unable to siqipl}’- adequate plasma, or whose plasma volume is 
reduced by evaporation, develop a disijarity between the blood volume 
and the vascular bed. An example of this acute disparity was prcviousl} 
reported by the authors (17). The inability of certain individuals to with- 
stand heat may be attributed to the disparity which arises when the 
{il.asma volume fails to incrca.se on exposure to hot conditions. 
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CONCLUSIONS 

1. Subjects were exposed to environments ha^dng a diy bulb of 37.2 
and 44.7 degrees C. and wet bulb temperatures of 20.1 to 27.5 degrees. 
The globe thermometer showed less than 0.4°C. difference between its 
surface and the surrounding air. Air currents were minimal. The periods 
of exposure ranged from 59 to 160 minutes. In 6 experiments there was an 
increase in chculating plasma volume, red cell mass, and grams of total 
chculating serum proteins, all of which would be expected on the assump- 
tion that the new fluids were contributed by blood from the bodj^ reservohs 
(spleen, and inactive capillaiy beds in muscles, lungs, and viscera). 

2. In 4 other experiments in wliich the dry and wet bulbs showed 
approximately the same ranges, there was a decrease in the circulating 
blood plasma and variable changes in the red cell mass. The periods of 
exposure ranged from 69 to 226 minutes. The changes in the plasma pro- 
teins, red and white cell counts were such as would be explained on the 
assumption that water was lost by evaporation from the blood plasma. 

3. In 14 experiments on subjects exposed to the same type of envu-on- 
ments there were no significant changes in circulating plasma volume, 
serum proteins, or blood counts. There were slight but definite increases 
in the red cell volume in 11 out of 14 experiments. The lack of change 
in plasma volume was attributed to a summation of the two adjustment 
factors described above which tend to neutralize each other. 

4. In steady states the increase in pulse rate correlates well with rises 
in rectal temperature. If the plasma volume increases, the rise in pulse 
rate per degree rise in rectal' temperature is less than in those subjects 
whose plasma volume remains unchanged or decreases. 

5. A considerable quantity of fluid can be requisitioned from the tissues 
and evaporated from the blood plasma Avithout affecting the circulating 
blood volume. 
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Although it has been accepted that mechanisms for the neural control 
of respiration are situated in the reticular formation of the medulla oblon- 
gata (Finlej’-, 1931; Cordier and Heymans, 1935), only recently have at- 
tempts been made, by modern methods, to locahze the respiratoiy region 
more precisely and to examine the question of its functional subdivision. 
In 1939 Pitts, Magoun and Ranson, stud 3 nng responses in the cat to brain 
stem stimulation with the Horslej^-Clarke instrument, outlined a reactive 
portion of the reticular formation, extending caudaUj'- from the level of 
the facial nucleus over the cephalic four-fifths of the inferior olivarj’’ nu- 
cleus. Within this area they defined 2 discrete divisions, from which, 
respectively, coordinated inspiratory and expiratory acts could be elicited. 
These were designated the inspiratory and expiratory centers. Brookhart 
(1940), employing slightly different teclmics and somewhat lower inten- 
sities of electrical stimulus, was unable to confirm the existence of these 
centers in the dog and challenged the concept of functional localization 
within the respiratory-reactive part of the reticular substance. 

The objections raised by Brookhart (1940) to the technical procedures 
utilized by Pitts, Magorni and Ranson (1939) have been considered by 
Pitts (1941) and Magoim and Beaton (1941). In addition, in order to 
studj'^ the possibility, implicit in Brookhart’s I’esults, of genus and order 
differences in the organization of central respirator}'- mechanisms, as well 
as to examine the medullary regulation of respiration in a form more 
closely related phylogenetically to man, the present study on the monkey 
was undertaken. 

Methods. Fourteen monkeys (Macaca mulatta), averaging slightly 
less than 3 kgm. in body weight, were used. Some were normals; others 
had been previouslj’- subject to acute explorations or chronic lesions of 
the hypothalamus. No dissimilarities in the respiratory responses could 
be detected between members of the normal and the operated series. The 
animals were anesthetized with nembutal, 15 to 25 mgm. per kilogram of 

^ Aided by a grant from the Rockefeller Foundation. 

- Medical Fellow of the National Research Council. 
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body weight, injected intravenously and occasionall}'^ supplemented ivitli 
ether during surgical procedures; or ivith urethane, 0.8 mgm. per Idlogi’am 
of body weight, injected intraperitoneall}’’. There were no discernible 
differences of respiratoiy reaction between the 2 anesthetic groups. 

The medulla of each animal was systematically explored by use of the 
stereotaxic instrument of Horsley and Clarke, after the teclmic of Eanson 
(1934). Insertion of the electrodes in the customaiy vertical plane of the 
machine was unsatisfactorj'-, because of inability to reach the midline, a 
difficulty apparently due to lateral deflection of the electrodes by the 
tentorium cerebelli. Therefore, recourse was had to the posterior electrode 
carrier, and the medulla was approached from behind. The plane thus 
afforded is oblique; points on the ventral surface of the brain are 2 mm. 
further rostral than they would be on a conventional transverse section 
made at the same dorsal level. However, this amount of inclination is 
not enough notably to distort the outlines of medullaiy structures or im- 
pede theh identification. Operative exposure was acliieved by enlarging 
the foramen magnum ivith rongeurs as far forward as the transverse sinus 
and incising the dura mater. 

Bipolar electrodes of enameled nichrome vdre were used, the exposed 
tips being separated from one another b)’’ 0.2 mm. or less along the axis 
of the electrodes. The stimulation, that of thyratron regulated condenser 
discharges, was similar to that used on the cat (Pitts, jMagoun and Ransori, 
1939; Magoun and Beaton, 1941). The period of excitation was fixed 
at 15 seconds. A frequency of 300 per second was found suitable, though 
responses to other frequencies were also anal 3 ''zed. Intensities of stimulus 
were vaiied from 0.9 to 30.0 volts, a strength of 8.7 volts being emploj’^ed 
for routine stimulation. 

All points stimulated were located on Weil-stained serial sections cut 
in the plane of the punctures. . A seiics of projection tracings was pre- 
pared from sections taken at I mm. intenmls on the formalin fixed brain, 
and the stimulated points grouped according to level and plotted on the 
diagrams. Figmn 2 consists of 6 levels selected from this series. 

Respiration was recorded as a kj^mogram b3' cannulating the trachea, 
attaching to the cannula a small spirometer built in the form of the fa- 
miliar basal metabolic rate machine, and fastening a pointer to the moving 
chamber of the spirometer. Carbon dioxide was absorbed soda lime 
in a sleeve placed between the cannula and the spirometer, and oxj'gen 
was added as needed. Such a closed .system, needing intermittent re- 
filling, yields sloping records; those presented in figure 1 have been trimme 


ob- 


to conserve space. 

OnsEnvATioNs. As in the cat, manj’ varieties of response were 
tained, involving all combinations of changes in amplitude, rate and love 
of respiration. The concern of this studj" is with the latter, and on } 
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those reactions showing a definite inspiratory or expiratoiy tendencj^ have 
been considered. Tliey have been classified into inspiratoiy and expiratory 




• ® O + + + + 8.7V £6V 5.rV 



Fig. 1. Spirometer tracings of respiratory reactions to stimulation of the medulla. 
In A, C and D stimulus strength was 8.7 v. at 300/sec. In all records the time line 
carries intervals of 6 seconds and the duration of excitation is indicated bj" the signal 
magnet. Inspiration is represented by the downstroke, expiration by the upstroke. 
The s3'mbols accompanjdng the responses in A, C and D are those used in plotting the 
localizing diagrams of figure 2. A. Representative inspiratoiy responses: sustained 
inspiratory apnea involving an increase in the volume of inspired air of less than 25 
cc., a small solid triangle; sustained inspiratorj’^ apnea involving an increase of more 
than 25 cc., a large solid triangle; respiration continued at an augmented inspiratory 
level, an open triangle; inspiratoiy apnea breaking into rlydhmic respiration before 
the end of stimulation, a half-filled triangle. B. Increase in the amplitude of inspira- 
toiy apnea produced by successively higher voltages administered at a single inspira- 
torj'-reactivc point. C. Representative expiratory responses: sustained expiratoiy 
apnea, a solid circle; expiratorj^ apnea interrupted by periodic respiration during 
the application of stimulus, a half-filled circle; respiration continued at a heightened 
e.xpiratoiy level, an open circle. D. Tj'pes of midpositional responses, i.e., apneas 
niidwa\’ between the normal expiratorj' and inspiratoiy peaks or decreases in am- 
plitude between these levels. E. Decreases in the degree of expirator}' response as 
produced bj’ successive diminution of the strength of stimulus delivered at a repre- 
sentative expirator^'-reactive site. 

response.s of different degree.s, midpositional respon.ses and negative re- 
sponses, as illustrated in figure 1 (A, C and D) and defined in its legend. 
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The similarit}'^ of the reactions in the monkey to those previously described 
for the cat (Pitts, Magoun and Ranson, 1939; Magoiin and Beaton, 1941) 
renders exhaustive discussion of them unnecessaiy. The only distinction 
of any possible moment between the two animals was in the amount of 



Fig. 2. Six levels through the medulla of the monkey, 
series, on which have been plotted the responses 

300/sec. Symbols are those explained in figure 1 : triangles foi in^i . 3 „„i,itsare 

circles for expiratory; and crosses for midpositional reactions. i cga^ ^ 

represented as dots. Distances between levels; A-B, 1 mm., , 2 n ilvcl' t 
mm.; D-E, 1 mm.; E-F, ^ mm. Number of animals -PreBonted a eacli ^jl^. 

2; B, 3; C, 3; D, 4; E, 4; F, 4. Brachium pontis, BF) cuneate nucleii , , 

cuneatus, CF; central grey, CG; corticospinal tracts, CST; facial ^ 

cuius gracilis, GF; hypoglossal nucleus, //; inferior olivary comp ' ’ ’ 

cuneate nucleus, LC; medial lemniscus, 4/L; medial longitudinal fascici , ^ 

nuclei pontis, NF; nucleus of the spinal tract of the fifth ‘ l,ody, 

mid, F: rcstiform body, F: spinal tract of the fifth cranial nerve, « , 

TB: tractus solitarius, TS. 


air involved. In genei-al, the apncic re.spon.se to stimulation, 
when it was inspiratory, involved a smaller volume of ox>gen in > ^ 

key than in the cat. The reason for this is not clear; lough mcasiii 
of lung capacity have not revealed any significant inec|ualiti(.s ic vt ' 
two animals. 
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As in the cat, 2 separate areas were delineated, from which, respect ivdy, 
inspiratoiy and expiratory apneas were consistently elicited. 'Phe dis- 
tribution of responses (to 8.7 volts stimulation) is ill list-rated in fiRnre 2 
on 6 selected sections which cover the entire antcro-posterior extent of 
the respiratoiy-reactive area. Levels 1 mm. rostral to that, of figure 2 .'V 
and 1 mm. caudal to that of figure 2 F gave no sustained ces^^ations of 
respiration. 


The inspiratory field (fig. 2 B-D) extends 2 mm. rostro-caudally in the 
reticular formation of the medulla. Cephalically, slight responses are met 
with at the very caudal end of the pons, immediately above the medial 
lemniscus (fig. 2 B). The first maximal inspirations occur mm. analward 
where they are found bung mediallj* to the rostral extremity of the in- 
ferior olive (fig. 2 C). Proceeding caudad, the inspiratory region rapidly 
enlarges both dorsally and laterally and at the level of figure 2 D reaches 
the midline and the dorsal limits of the reticular formation. At this level 
sustained inspirations are obtained from a field reaching from a point 
between the 2 inferior olives to one immediately beneath the hypoglossal 
nucleus and spreading laterallj' .some 3 mm. from the midlinc in the urea 
dorsal to the olive. A level (not illustrated) mm. caudal to that rep- 
resented b}' figure 2 D demonstrate.^ a similar distribution of re.=pon,‘-ea 
except that the lateral reach of the center is decreased to 2 mm. One 
millimeter posterior to level D, inspiratory responses abniptly di^sappear 
(fig. 2 E). Tlius the inspirator^' area lies dorsally and medially to the 
rostral half of the inferior olivaiy nucleus in a field which at. its rostral end 
is basally and medially located and which, toward its caudal end, gradually 
expands both dorsalh' and laterally. 

The expiratory field (fig. 2 A-F) surrounds the inspiratory, lying ro<- 
tralljg laterally and caudally to the latter, and also don-'aUy to if. except 
at that level where the inspiratory area roaches the hypoglos^^al miclcii^^ 
(fig. 2 E). In addition, .scattered cxjnrafon,* reactions can be elicited 
from sites beneath the inspiratory center (fig. 2 C and D). :MaAirnal 
expiratory' apneas are obtained from the roidline only ahe.ud of the in- 
spiratory region (fig. 2 B and C), and caudal to the. latter area e.xpirutory 
responses .arc generally weak and dispersed (fig. 2 13 and F). The grcate„st 
lateral extent of the expiratory center is -1 mm. from the median rapli^. 
For purposas of rough description, the exjiiratory field ran he .‘•aid to he 
coextensive with the reticular formation from a level .^lightly more than 
1 mm. ahead of the rostnd end of the inferior olive to (he latter's ea.ud.nl 


extremity, except for the compact arcvi occupied by the in<-jnmtory eentiT. 
On the whole expinitory rc-'-poiv'cs are more di’=-funinated than are in- 
spiratory response^"'. 


d'lie relation 
the brain stem 


of the respiratory field- to famili.ar dorsal landmark- rtf 
i'i shown in figure 3. vviiich i- a projection of tho-f* fii'ld-, 
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as reconstructed from the complete set of levels, onto the floor of the 4th 
ventricle. The regions outlined are those giving sustained responses to 
8.7 volts stimulation. The projection was made, not in the plane of the 
sections of figure 2, but in the true transverse plane. 

Close inspection of figure 2 reveals a suggestive apportionment of what 
are characterized as “midpositional points,” i.e., points’ yielding apnea 
anywhere between normal expirator}’- and inspiratory levels or a reduction 
of respiratory excursion between these limits. These midpositional re- 
sponses (plotted as crosses), though somewhat sporadic in distribution, 
are clumped in 2 particular situations. First, they are found skhting the 



Fig. 3. Dorsal view of the lower brain stem of Macaca mulatta with cerebclluni 
removed. The areas of sustained inspiratory apneas (on the right; vertical lining) 
and sustained expiratory apneas (on the left; horizontal lining) arc shown projectcc 
onto the floor of the 4th ventricle. To avoid overlapping the two regions are shown 
on different sides of the brain stem. Area acoustica, AA; ala cincrea, AC; cuneate 
tubercle, CA^; cerebellar peduncle, CP; clava, GN; hypoglossal trigone, IIT; media 
eminence, ME; restiform body, RB; tubcrculum cinereum, TC. 

outer boundary of the expiratoiy field (fig. 2 B, C and F), (they were 
elicited rostral^’' and caudallj’’ to the expiratory area at levels not illus- 
trated). In this locus these were usually midpositional apneas tending 
toward the expiratory side and were mingled with expirations which broke 
into rhythmic respiration and continued respirations of increased ex- 
piratory height. In these 3 types of reaction the points stimulated inaj 
not have been sufficiently close to the center of concentration of reactnc 
elements to produce sustained responses. The second location of ini - 
po.sitional ])oinls is a zone between^ the inspiratory and expiratory’’ ficcs 
(fig. 2 C and D). Here such responses were midpositional apneas, some 



MEDULLARY RESPIRATORY CENTERS IN I^IONKEY 


183 


of which moved during the period of stimulation toward the expiratory 
side of the kymograph tracing, some toward the inspiratory. This band, 
intermediate between the inspiratoiy and expiratory centers, may rep- 
resent a situation in which roughl.y eciual numbers of inspiratoiy and ex- 
piratory elements are subjected to excitation. The midpositional reac- 
tions of figure 1 D were obtained as the electrode passed from an expiratory 
region to aiuinspiratoiy, and the shift of the level of respiration from the 
expiratory to the inspiratoiy side is clearl}^ evident. 

In general, stimulation of medullaiy structures other than the reticular 
substance did not yield the respiratoiy responses in question. When they 
were obtained from other formations, it was from those directl}'^ contiguous 
with the main reactive fields. These aberrant points were diminished in 
number when stimulus strength was reduced and thej’^ are presumably 
due to current spread to the more specificall.y sensitive areas. 

Investigation of changes in the types and localization of responses with 
alteration in stimulus strength has not been a primaiy aim of this study. 
So that the topographj'^ in the monke}'^ might be compared with that de- 
lineated for the cat (Pitts, Magoun and Eanson, 1939), routine stimulation 
was done at 8.7 volts. However, many experiments were done with lower 
stimulus strengths (0.9 to 5.6 volts) ; the results confirmed the conclusions 
drawn from the in^'■estigation of low voltage responses in the cat (Magoun 
and Beaton, 1941). In addition, reactions to a higher voltage (13.7 volts) 
were examined. Reduction of the intensity of excitation caused some 
shrinkage of the respiratory fields as well as some diminution in the mag- 
nitude of responses, especially those responses found at the peripheries 
of the fields. Yet, many sustained inspirations were obtained at 2.4 volts, 
some at 0.9 volts. Sustained expirations were procured by voltages down 
through 3.2 volts. The topography of response was in no way changed 
bj’- the use of lower voltages, and in no instance was the direction of re- 
sponse altered by a voltage decrement or, for that matter, by a frequency 
change. Figure 1 (B and E) illustrates representative alterations in the 
magnitude of inspirations and expirations vith a succession of voltages. 
It also shows that the volume of inspiratory apnea was usuall}" greater 
than that of expiratoiy apnea. These findings, e\'en to the threshold -volt- 
age values, are in striking concoi’dance with i-esults in the cat (Magoun 
and Beaton, 1941). 

Two macaques were subjected to medullary stimulation 2 weeks after 
a left hemisection at the pontile level. No .^significant differences were 
found between responses elicited at the .same locations on the 2 .sides of 
the brain, and almost maximal inspirations and expirations were obtained 
from both sides in each animal. 

Discussion. The localization of inspiratoiy and expiratoiy fields has 
been found to be as precise in the monkey as in the cat. The delimitation 
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of these fields by the use of “high voltages” (8.7 volts) is deemed entirely 
permissible because of evidence elsewhere presented (Pitts, 1941 ; Magoun 
and Beaton, 1941). By having outlined these areas until relatively liigh 
stimulus strengths, any error would seem to be in the direction of diffusion, 
especiall}^ since employment of lower voltages has given some contraction 
of the regions unth maintenance of their general topograph}" and rela- 
tionships. 

The anatomical locations of the respiratory centers in the monkey cor- 
respond in general with those of the cat. The topographical differences 
in the two animals do not seem too great to be explained by very evident 
variance of medullary structures in these members of separate taxonomic 
orders. The inspiratory region is less and the expiratory region more 
disperse in the monkey than in the cat. The inspiratory area of the cat 
lies ventrally to the expiratory throughout the extent of their antero- 
posterior overlap, while in the monkey the inspiratory field, at its caudal 
extremity, rises high in the midline and no expiratory responses are ob- 
tained dorsally to it. Also, in the cat, expirations cannot be elicited from 
loci caudal to the inspiratory center as they can in the monkey. Some of 
these dissimilarities in the topography of the excitable regions in the two 
animals may perhaps be related to the larger size of the inferior olive m 
the monkey and the consequent alteration in the shape of the reticular 
substance. 

The cephalic and caudal boundaries defined for the respiratory area in 
the monkey agi'ee uath the limits set for the dog by tajiping from the 
brain stem amplified potentials shoudng a respiratory rhythm (Ge.sell, 
Bricker and Magee, 1936). The inability to demonstrate discrete ex- 
piratory and inspiratory centers in the dog (Brookhart, 1940) contrast''' 
with the .success now achieved in both the cat and monkey. 

A comparison of the location of the res])iratory centers in monkey and 
man cannot be made with any precision, due to the lack of e.xact informa- 
tion on the site of the centers in man. A rough accordance is indicated 
by reported cases of clinical neurogenic respiratory failure (Finley, 1931, 
Xordmann and Muller, 1932) in which the lesions were in the reticulai 
formation overlying the inferior olive. 

The finding that left pontile hemiscction in 2 animals did not afiect the 
bilateral distribution or magnitude of re.sponse is regai'dcd as a furthci 
contribution to other evidence at hand (Magoun and Beaton, 19-11) Had 
the respiratory reactions elicited by medullary stimulation should probal)!} 
not be attributed to tlie e.xcitation of clustered direct afferents to the 
reticular formation. 


SU.MM.-V HY 

(fircumscribed electrical stimulation of the medullas of 14 monkey.s In 
means of the Hoi-slev-Clarke tcclmic has revealed the existence of 2 di'' 
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Crete regions, from one of which sustained inspiratory apnea, from the 
other sustained expiratoiy apnea were consistently obtained. The in- 
spiratoiy field is located dorsallj’^ and mediall}'^ to the rostral half of the 
inferior olive. The e.xpiratory field surrounds the inspiratoiy, lying ros- 
trally, caudall}’’, laterally and to some extent dorsall}^ to the latter. Suc- 
cessive decreases in stimulus strength down to threshold values did not 
change the character or topographical arrangement of the responses. The 
anatomical localization is in general agreement with that found previously 
for the cat. In 2 monke 3 ^s with pontile hemisections, there was no dimi- 
nution of reaction as compared with normal animals nor an}' difference in 
the re.sponses obtained from the 2 sides of the medulla. 
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In a study of the respiratory responses to stimulation of the medulla 
of the cat, Pitts, Magoun and Ranson (1939) described an excitable re- 
ticular field from whose dorsal and ventral parts expiratory and inspiratory 
reactions were respectively elicited. The results appeared to extend our 
knowledge of the location and functional organization of the resjjiratory 
center, but experiments on the dog led Brookhart (1940) to conclude that 
the I’espiratory responses described could be obtained only b}”- high voltage 
stimulation ndiose gi’eat range of spread prevented localization of reactive 
regions. Emphasis has recentlj’- been placed b.y Gesell (1940) upon an 
alternative explanation of the responses from medullar}'- stimulation, i.e., 
that they result from activation of afferent fibers exerting a predominantly 
inspiratory or expiratoiy influence upon respiration. 

It seemed desirable, thei'efore, to review the respiratory responses from 
the medulla of the cat vdth reference to the Amltage and range of spread 
of stimulating current and the distribution of reactive areas. In addition 
responses have been examined after chronic ablation procedures designed 
to eliminate certain afferent pathways whose excitation might be respon- 


sible for the responses. 

AIethods. In lightly anesthetized cats, re.spiration was recorded vith 
a spirometer and stimulation or the production of lesions was carried out 
with the Horsley'-Clarke technic (Ranson, 1934). Unless noted, stimuli 
consisted of thyratron regulated condenser discharges at 300 per second 
with voltages lietween 0.9 and 8.7. 

Results. Respiralory responses lo slimulalion. The re.sponscs to v’hic i 
attention was directed are .shown in figure 1 ; at the left are a group u 
expiratory responses elicited from the dorsal reticular formation and at 
the right are a group of in.spiratory re.sponscs obtained from the vent i a 
reticular formation. In each group, on increasing the voltage of stinnda- 
tion, the incieased magnitude of reaction is apparent both in tiie extent 
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to which the response dominates over regular breathing and in addition 
the increased amphtude of expiration or inspiration. 

Distribution of reactive areas. Data on the distribution of excitable areas 
for these raspiratory responses on altering the voltage of stimulating cur- 
rent have been obtained bj’’ activating a series of points in transverse levels 
tlirough the excitable region, and at each point recording the responses to 
voltages between 0.9 and 7.4. This range was chosen because re.sults 
obtained \wth 1 volt were those to which Brookhart (1940) attached sig- 
nificance, while stimuli of 8 volts were used routinel 3 ' b\’’ Pitts, Magoun 
and Ranson (1939). 

The results of an experiment are shown in figure 2. A series of points 
were stimulated in levels I and II through the excitable region and on 


o - d a A A A . 



0.9 5.2. 0.9 5.^ T.^ V 


Fig. 1. Spirometer tracings sho\ving weak, intermediate and marked expiratory 
(left) andinspiratorj' (right) responses to 15 seconds’ stimuli at the voltages indicated. 
The symbols above designate the type of response in figure 2. 

3 copies of each level are shown the site and magnitude of reactions to 
voltages of 0.9, 3.2 and 7.4. An examination of the data presented in 
the figure reveals that in the case of both the expiratory and the insphatoiy 
fields the effects of increasing the intensity of stimulation, within the range 
of 1 to 8 volts, is primarih’’ to augment the magnitude of the responses 
obtained and not appreciabh' to increase the distribution of the reacti^'e 
areas. The excitable reticular formation encountered hy Pitts, Magoun 
and Ranson (1939) is evident with each of the voltages used and its sub- 
division into dorsal expiratoiy and ventral inspiratoiy zones is clearh' 
apparent. 

Threshold. A number of observations, some of Avhich are indicated in 
figure 2, permit the conclusion that with thiTatron regulated discharges 
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at 300 per second, the tlu-eshold for marked inspiratory responses is from 
1 to 2 volts, that for marked expiratoiy reactions is from 3 to 4 volts. 
Similar low thresholds were found using 60 per second sine wave stimuli. 

Effect of lesions at the point of stvjiulation. The repetition of stimuli 
after producing lesions around the point of stimulation is a method used 
by Brookhart (1940) to estimate the distance of current spread. The 



Fig, 2. Transverse sections of the medulla of the cat, showing the respiratory 
responses obtained at 2 levels of stimulation with voltages of 0.9, 3.2 and lA. 
results from both halves of the medulla are shown on the right side. Expiratory 
responses are indicated bj' circles and inspiratory reactions bj' triangles as in figure 
Small and large filled triangles indicate marked inspiratoiy responses of less and mort- 
than 75 cc., respectively^. Crosses show mid-positional changes, and dots, ncg.ati'^^ 
points. Abbreviations are as follows: nucleus ambiguus, A ; lateral cuncate nut ctis. 
C; lypoglossal nucleus, //; inferior olive, 10] lateral vestibular nucleus, L^ , 
longitudinal fasciculus, MLF] medial vestibular nucleus, MV] nucleus of spina i ^ 
tract, NSV] pyramid, P; rcstiform body', R: spinal fifth tract, SV, ti.ic a* 
solitarius, TS. 

effects of a number of lesions were studied in tlie present investigafio^ 
and the results of an experiment are shown in figure 3, 

An electrode was inserted into the ventral reticular formation anc ic 
inspiratory' responses to .stimuli between 0.9 and 8,7 volts were recoicec 
(fig. 3 A). After the production of a lesion, the same voltage 
stimuli was repeated and the respon.ses obtained in the first minutes yc 
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either abolished or greatly reduced (fig. 3 B). Improvement occurred and 
the responses obtained 18 and 32 minutes after the lesion reflected the 
development of a rather steady state (fig. 3, C, D). The final response 
elicited vith 8.7 volts (fig. 3 D) ivas equal in magnitude to that obtained 
initially Avith 2.4 volts (fig. 31A), amounting to an over-inspiration of 
60 cc. [^■ 



Fig. 3. Transverse section of the medulla (left), showing the position of electrodes 
and lesion. The dotted circle inclosing the lesion has a radius of 1 mm. drawn to 
scale. At the right are spirometer tracings of inspiratory responses obtained before 
(A), and 1 minute (B), 18 minutes (C), and 32 minutes (D) after the lesion. The 
voltages of the 15 second stimuli are indicated. 

Since the response obtained initially lAath 2.4 volts, unlike those to 
higher voltages, remained abolished after the lesion, it Avas presumably 
elicited entirely from the Amlume of tissue destroj’^ed, AA'hich extended in 
everj'^ direction some 0.5 mm. from the surface of the electrodes. The 
final equivalent response obtained AAuth 8.7 Amlts AA^ould haA’^e been elicited 
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from an equal volume of tissue if a linear relation existed between the 
magnitude of response and the amount of tissue activated. Tliis tissue 
if distributed evenl}'- around the margins of the lesion would extend some 
0.7 mm. from the surface of the electrodes, and according to this reasoning 
a stimulus of 8.7 volts should spread about 0.7 mm. 

Infrequentl}’" a transient augmentation of response was found in the 
early period after producing a lesion. Because the magnitude of reaction 
does not vary greatlj’- when stimuli are repeated at intervals over a long 
period, a sudden increase sometimes found after making a lesion (see also 
Brookhart, 1940) suggests that some factor associated with the lesion 
has increased the usual range of current spread or augmented the excita- 
bility of the surrounding tissue. Such a suggested alteration ma}" regu- 
larl}’' be present and the responses obtained after lesions may reflect the 
balance struck between it and response reducing factors. In our opinion 
further stud 3 ’^ of the lesion method should be undertaken before using it 
as a simple test of current spread. 

Partial deaffcrentation. Attention maj"^ here be directed awaj" from ques- 
tions of method to a consideration of the iDOSsibility that the responses 
obtained from medullaiy stimulation (fig. 1) are the result of activation 
of afferent fibers exerting an influence upon respiration. The results of 
Pitts, Magoun and Ranson (1939) showed that these responses were not 
elicited from the nucleus of the tractus solitarius or the posterior column 
nuclei where the.y might have been expected to be obtained, were excita- 
tion of glossopharjmgeal, vagal or thoracic proprioceptive afferents the 
basis of their production. 

To investigate the possibility that unlcnovTi afferent pathwaj’s from the 
vagus and glossophaiyngeal nerves to the reticular formation were re- 
sponsible for the results, the distribution, magnitude and threshold of 
responses from the 2 halves of the medulla were compared 2 weeks aftei 
intracranial section of the glo.ssophaiyngeal and vagal rootlets on 1 side. 
With minor variations, which were without regard as to laterality, all 
features of the reactions on the 2 sides showed close similarity. 

In each of 2 other cats, the respiratoiy responses from the 2 halves o 
the medulla were compared after chronic hemisection of the spinal cou 
at C 1. Exploration of 4 levels was completed and in one level a sliglit 
restriction of the in.spiratoiy field on the side of licmisection was notcc 
and the amplitudes of both cxpiratoiy and inspiraloiy responses vcic 
smaller on this side. In the other 3 levels no significant difference in the 
features of the responses from the 2 halves of the medulla could be ob- 
served. 

These results, which should be combined with those obtained afici 
ehronic pontile hemisection in the monke\’ (Beaton and Magoun, /> 
permit the statement that the responses to medullaiy stimulation aic not 
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attributable to the activation of a direct, ipsilateral, afferent pathway 
approaching the reticular formation either from the pons, or from the 
spinal cord, or by way of the vagus or glossopharyngeal nerves. 

SUM^EIRY 

The respirator}' responses obtained from stimulation of the medulla of 
the cat have been reviewed vath reference to the voltage and range of 
spread of stimulating current and the distribution of reactive areas. The 
results do not support the view that these responses are dependent upon 
the activation of large, indiscriminate!}' situated regions of the medulla 
by widely spreading stimuli, but indicate, on the contrary, definite areas 
responsive to locally acting excitation. 
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While it is generally agreed that the iDasic neural elements necessary for 
integration and regulation of respiration are to be found nithin the reticular 
formation of the medulla oblongata caudal to the level of entrance of the 
eighth nenTS (Cordier and Heymans, 1935), no concept of the morphologi- 
cal organization of this so-called respiratory center is universally accepted. 
Gesell, Bricker and Magee (1936) studying action potentials tapped from 
the lower brain stem, and Brookhart (1940) stimulating the same region 
with shocks of near threshold intensity, conclude that the neurones con- 
trolling inspiratory and expiratory activities are diffusely intermingled 
and show no grouping into discrete centers. On the other hand Nicholson 
(1936) obser\dng respiratory modifications to local cooling of the floor of 
the fourth ventricle, and Pitts, Magoun and Ranson (1939a) stimulating 
the brainstem Avith .shocks of moderate intensity, conclude that the respira- 
tory center may be divided into a dorsal expiratoiy and a ventral inspiratory 
center. The latter investigators localized the inspiratory center to the 
ventral reticular formation overljdng the cephalic four-fifths of the infenoi 
olivary nucleus, and the expiratoiy center to the dorsal reticular formation, 
dorsal to, slightly cephalic to, and cupped OAmr the cephalic end of the 
inspiratory center. 

Brookhart (1940) and Gesell (1940) have criticized this localization 
along three lines: 1, exce.ssive physical spread of stimulating current; 2, 
Avith such spread a functionally meaningless dift'erentiation of the respufl' 
tory center into inspiratoiy and expiratoiy dhusions; 3, too all inclusne 
criteria for differentiation of centers Avhich might mask simultaneous 
activation of antagonistic elements. 

Although A'arious indirect lines of cA'idence could be brought fonvard m 
ansAA’er to the aboA'c criticisms, it A\'as felt that the importance of accurate 
knOAA'ledge of the morphologj’^ of the respiratory center justified a reiiiA'c.^ti- 
gation of the problem of differentiation. Accordingly experiments were 

* Aided by a pnant from the Penrose Fiiiui of the .American Philosophical Socict.'- 
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designed to provide more or less direct information on each of the points 
in question. 

The measure of stimulus spread. Methods proposed to assess physical 
spread of stimulating current within the brain have been based either upon 
the distance the electrode tips must be advanced to aboli-sh or reA^erse a 
motor response (Pitts, Magoun and Ranson, 1939a; Hinsey, 1940), or upon 
the size of an electrolytic lesion necessary to abolish the response at a given 
placement of the electrodes (Brookhart, 1940). These methods give only 
qualitative results; the latter, in addition, is complicated by a marked 
change in physical properties of the tissue surrounding the lesion (Magoun 
and Beaton, 1941). 

The experimental preparation used to provide more quantitative data 
on the problem of current spread within the brainstem of the cat is illus- 
trated in diagrammatic form in figure 1. Fibers in the sensory frontal 
branch of the trigeminal nerve have their cell bodies in the Gasserian 
ganglion, enter the brain at a pontile level, and turn sharply caudad in the 
bulbar trigeminal tract, located laterally throughout the medulla. Col- 
laterals are given off in the nucleus and after synapsis the secondary tri- 
geminal pathways continue. If recording electrodes are placed on the 
frontal nerve this primary sensory .system may be activated in reverse 
by .stimuli applied to the tract through bipolar needle electrode.s oriented 
in the Horsley-Clarke stereotaxic instrument.® Stimuli are effective only 
when they are applied to the tract itself or to the collaterals as they pass 
into the nucleus of the tract located just mediall5^ Activation of the 
secondary pathways leads to conduction only to the cell body in the nu- 
cleus, since excitation does not pa.ss the .synapse the wrong way. 

Stimuli applied to the tract were brief, thyratron regulated condenser 
discharges (time constant approximately 0.1 m. sec.) at an intensity of 8 
volts'* and at a frequency of 100 per second. A bridge transformer between 
stimulator and electrodes reduced .stimulus artifact. Potentials of the 
frontal nerve were amplified bj'- a condenser coupled amplifier and applied 
to a cathode ray oscillograph. The cathode ray sweep was synchronized 
so as to produce a standing wave which could be mea.sured or photographed. 
The height of the potential record serves as a rough indication of the 
number of fibers which laj'^ within a zone about the electrode tips where the 
stimulus intensity was above thre.shold. On the left of figure 2 is a pro- 
jected tracing of a Weil stained section of the cat brain showing the position 
of the needle electrode. The interruptions of the black line indicate the 

" The type of needle electrode used and the method of histological identification 
of structures stimidated were described in our original communication (Pitts, 
Magoun and Ranson, lOSOa). 

* Repeated checks of voltage at the electrodes were made during each experiment 
by switching directly from electrode terminals to oscillograph. 
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position of the needle tip at each half millimeter as it was lowered into the 
medulla. On the right are records of the potentials evoked in the frontal 
nerve. No response was obtained until position 1 was reached where a 
minute deflection occurred. The deflection which occurs in all records at 



Fig. 1. Diagrammatic tiirce-dimcnsional sketch of the lower brainstem of t ic c.a 
with cerebellum removed, to illustrate the use of the frontal-nervc-bulbar-tr.ic 
system to assess stimtdus spread; see text for details. 

the beginning of the sweep is .stimulus artifact. Lowering the elect i ode 
1 mm. from position 1 to 2 increased the response tremendously. Peiietia 
tion of the needle tip was stopped at. tin’s point in oj cler to mark the po.'itioii 
aetmrately. 

A similar experiment is shown in figure 3 e.xcept that two int.ei).‘^it>' 
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of stimuli were applied at each level of electrode penetration, namely, 8 and 
16 volts. No response was obtained until the electrode tips penetrated 



150 

[microvolts 

Fig. 2. Potentials recorded from the frontal nerve on lowering of the stimulating 
electrode in successive half-millimeter steps into the bulbar trigeminal root 
(stippled). Stimulus, 8 volts; initial deflection of the sweep, stimulus artifact. 
Position of electrode tips at each level corresponding to potential record is shown 
by the break in the heavy black line representing the track of the electrode. 



300 MICROVOLTS 




Fig. 3. Potentials recorded from the frontal nerve during stimulation at each half- 
millimeter level approaching and penetrating the bulbar trigeminal root with stimuli 
of two intensities, S and 16 volts. At position 3 the threshold was slightly less than 
1 volt. 


the tract and at position 1 (8 volts) a just perceptible response was evident. 
Increasing the .stimulus to 16 volts increased the e^mked potential some- 
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what, no doubt the result of increased current spread and consequent ac- 
tivation of more fibers within the tract. But lowering the electrode | 
mm. at 8 volts produced a much greater increase in response than 
doubling the voltage at the previous position. At position 3 an even larger 
response was obtained both at 8 and 16 volts. At this position the in- 
tensity of the stimulus was lowered until a just perceptible response was 
obtained. The threshold was slightly below 1 volt. It is quite apparent 
then that stimulus intensity diminishes rapidly with distance from the 
electrode tips, falling to a value of about one-eighth or less a half milli- 
meter away. 

The measure of degree of localization possible. It may be concluded from 
the preceding results that at least theoretically the use of brief condenser 
shocks at an intensity of 8 volts should peimit localization of structures 
within the brainstem with an error not greater than one-half millimeter, 



Fig. 4. Comparison of the bulbar trigeminal root ns localized by stimulation 
(left) with its known morphology (right). Solid circles, frontal nerve potentials 
from one quarter to the maximum obtained in an 3 ' given experiment; open circles, 
frontal nerve potentials of lesser magnitude. The dotted enclosure medial to the 
stippled root represents the nucleus of the bulbar trigeminal root. 


possibly less. However, the bulbar-tract-fi’ontal-nerve preparation is 
admirably suited for a direct comparison of physiological localization with 
known morphology, for the limits of the tract arc fairly well defined. 

A total of 10 e.xpcrimcnts were performed exploring the medulla from 
the midline outward at a number of levels, with a stimulus intensity of 8 
volts. The height of the frontal nerve response was measured on the fa(C 
of the cathode ray tube at each position of the needle electrode. On the 
left side of the sections in figure 4 is .shown the physiological localization 
of the bulbar trigeminal tract by the stimulation technique. On the right 
side in stippling is .shown the true morpholog}'^ of the tract. The doitet 
enclo.sure placed just medial to the tract mpresents the nucleus of t 
bulbar tract in which one would expect some collatemls from frontal 
fibers. Tfie solid circles in figure 4 repre.=:cnt evoked potentials of om- 
quart (*r or more of the maximum obtained in a given exiu;riment, while t h 
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open circles represent potentials of lesser magnitude. The least potential 
discernible in the frontal nerve at the amplification used amounted to 
about 0.5 per cent of the average maximum. 

While the physiological localization is not a photographic likeness of 
the bulbar tract, it misses the boundaries on an average less than h mm., 
except medially, where collaterals pass into the bulbar nucleus. To 
this extent the physiological localization of the course of the primary 
trigeminal sensory axon is a more accurate one than that provided by 
inspection of a low power projection of the tract for the terminations of 
these axons in the nucleus are not apparent except at higher magnifications. 

Although the original experiments locahzing inspiratory and expiratory 
divisions of the respiratory center (Pitts, Magoun and Ranson, 1939a) 
had been performed with the same intensity and essentially the same wave 
form of stimulus as above, it was felt desirable to repeat them under exactly 
the same conditions. Hence a stimulus of 8 ^mlts was applied through the 




Fig. 5. Sections through the medulla oblongata of the cat at millimeter intervals 
to show the localization of the maximal inspiratorj' responses (tiiangles) and maximal 
expiratory responses (circles) described in the text. 

same bridge transformer and the respiratory response measured by a 
closed spirometer circuit identical to that employed in the original investi- 
gation. A frequency of 240 per second was employed. The medulla was 
explored millimeter by millimeter within the general confines previously 
described for the center. Only the maximal responses are considered, 
namely, inspirations of 75 cc. or over plotted in figure 5 as triangles and 
expirations as great or greater than normal plotted as circles. Only in- 
spirations and exjDirations maintained Avithout interruption by rhythmic 
respiration for the duration of stimulation (12 sec.) Avere considered 
maximal. 

The maximal respiratory responses shoAvn in figure 5 represent the 
composite plot of results obtained on 6 cats at each leA'^el. Only the rostral 
3 mm. of the respiratory center are shoAvn. The dorsal distribution of 
expiratory responses and the A^entral distribution of inspiratory ones are 
sufficiently obAuous to require no further comment. A comparison of 
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sections A, B and C with sections C, D and E of figure 3 (Pitts, Magoun 
and Ranson, 1939a, p. 679) shows a remarkably close agreement. The 
only difference noted in this reinvestigation worth commenting upon is a 
more caudal extent of expiratory responses than was described previously, 
these reponses extending approximately as far caudally as the inspiratory 
ones, i.e., some 2 mm. caudal to section C of figure 5. 

A consideration of the results presented in the preceding two sections 
leads to the conclusion that the stimulus is of threshold intensity only 
within a radius of one-half millimeter around the electrode tips; that in 
actual practice a structure may be localized within the brain to within at 
least one-half noillimeter; and that the dorsal position of expiratory and 
ventral position of inspiratory responses must have a morphological basis. 

Ciiieria for differentiation of the divisions of the respiratory center. Pitts, 
IMagoun and Ranson (1939b) summarized the evidence that the maximal 
inspiratory and expiratory responses result from activation of two antago- 
nistic and morphologically distinct divisions of the respiratory center, and 
these points need not be repeated here. It was felt that further evidence 
might be obtained by a study of the behavior of single respiratory motor- 
neurones during stimulation of these centers, especially as concerns the 
Ijossibility of simultaneous activation of excitatoiy and inhibitoiy reticular 
elements. 

Accordingly, small strands containing one or more active fibei'S were 
carefully teased from the cut third phrenic root of the cat and potentials 
recorded by a condenser-coupled amplifier. Simultaneous respiratory 
tracings were obtained by connecting the tracheal cannula through a soda- 
lime tube to a 5-gallon bottle filled Avith oxygen. The small pressure 
changes of the closed system Avere measured by a light rublier optical 


tambour. 

Figure 6 sIioaa-s the potential records obtained from a small .slip of the 
phrenic nerve in Avhich, during the conti-ol strip of record, only a single 
fiber Avas .spontaneouslj’’ actiA-e, firing four impulses per inspiration. 
the stimulating electrode Avas progre.ssiA’ely loAvered a millimeter at a time, 
through the doi’sal and into the A'cntral reticular formation, stimulating 
at each level, records A, B, C and D were obtained. In recoi’ds A and B 
obtained on stimulation of the dorsal reticular formation, the last of <hc 
four expected neive iminilses AA-as clipped off and expiratory apnea main- 
tained, for the duration of the .stimulus. A millimeter shift of the electrodi 
into the A'cntral reticular formation (B to C) altered the response from om 
of inliibition to excitation and in records C and D not only is the neuroiu 
of the control record acti\'e but at Iea.st 3 othei's as Avell. 'I’he po.sition o 
the electrode at each level of the stimulation is .shown in figure 7. Agn’'^’ 
confirmation of the cx|nratory, or as concerns the phrenic, the in.spimlo 
inhibitory function of the dor.«al reticular formation, and the in.spiraloO 
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function of the ventral reticular formation, is evident. While inhibition of 
activity similar to that shown in A and B of figure 6 may be obtained by 
central stimulation of the vagus, the expiratory reactive area outlined in 
figure 5 does not conform with the course of primai'y sensory vagal 
neurones. That secondary sensory vagal fibers enter the dorsal reticular 
formation and there establish tertiary or higher order connections is highly 
probable. On the other hand, stimulation of the A’-entral reticular forma- 
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Fig. 6. Potentials recorded from a small slip of the phrenic nerve during stimula- 
tion of the medulla at the levels shown in figure 7. The time of application of the 
stimulus in records A to D is indicated Iw the arrow at the bottom of the figure. 
Stimulus, 8 volts, 240 per second; time, one-fifth second; upstroke of respirator 3 '- 
record indicates inspiration. 


tion leads to a degree of excitation of phrenic neurones maintained for 
minutes which in our experience can be obtained from no afferent nerve. 
This of course does not mean that no elements pass through the dorsal 
reticular formation which have an excitatory effect. Indeed, second order 
vagal afferents, excitatory in nature, must send their processes across the 
dorsal to reach the ventral reticular formation. It merely means that the 
preponderance of elements of the doreal reticular formation are inhibitoiy 
so far as the motor outflow of the phrenic is concerned, and that the pre- 
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ponderance of the ventral reticular elements are excitatory. Furthermore 
a localized stimulus, involving a millimeter cube of either the dorsal or 
ventral reticular formation, is capable of dominating the entire extent of 
that formation and inhibiting completely activity in the antagonist. 

Discussion. The rather extensive control experiments cited provide a 
needed direct means of assessing current spread and degree of localization 
possible within the brainstem. They have shown that the field produced 
about the tips of bipolar needle electrodes by brief repetitive condenser 
discharges diminishes rapidlj’- in intensity to one-eighth or less at a distance 
of I mm. Utilizing such a method for physiological exploration, a well 
defined structure such as the bulbar trigeminal tract may be localized to 
Avithin ^ mm. 

When this method was applied to the localization of the maximal respira- 
toiy responses described by Pitts, Magoun and Ranson (1939a), the original 
localization was confirmed in all essential details. One is therefore forced 
to conclude some morphological difference between the dorsal and ventral 



Fig. 7. Locus of the points stimulated in records A to D of figure 6. Isotetia - 
and B fall within the region defined as the expiratory center while C and D arc in a- 
inspiratorj’^ center. 

reticular formations to account for the respective localizations of expiiatoij 
and inspiratory responses. . . 

Stimulation of the ventral inspiratory center leads to repetitive actn i 
of phrenic motor neurones, recruiting in new units not siiontaneously ac 
tive. Activation of the dorsal expiratoiy center, on the other hand, stop.- 
the spontaneous motor discharge of the phrenic. These results la^^ c 
been repeatedly confirmed and provide confirmatory evidence, not on y oi 
the dorso-ventral distribution of expiratory and inspiratory elements, m 
also for the localized character of the .stimulus. If a level is stimu a c 
in the region of junction of donsal and ventral reticular formations (e.g*, 
halfway between B and C of fig. 7), some admixture of inhibitoiy an 
stimulating effects is observed as might be expected. ^ 

The contrary results of Brookhart (1910) seem explicable in pai t on^ 
near threshold inten.sity of stimulation which he used in the majontj 
his experiments. The failure to obtain a type of localization of 
re.spiratoiy re.sponscs in the dog similar to that in the cat in the cw a. 
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perimcnts in which liigher stimulus intensities were employed, is unex- 
plained. That it is due to a species difference between cat and dog is 
improbable in the light of the results of Beaton and iMagoun (1941) in the 
monkey. Furthermore, the experiments of Nicholson (1936) on the dog 
are most readily explained on the basis of a morphological dissociation of 
expiratory and inspiratory centers much as found in the cat. The results 
of Gesell, Bricker and IMagee (1936), though interesting, scarcely bear on 
the question of differentiation between inspiratory and expiratory motor 
centers. The potentials wliich they recorded from such afferent structures 
as the posterior columns, gracile and cuncate nuclei, internal arcuate 
fibers, tractus solitarius, lateral reticular nucleus, etc., obviously have 
their origin within proprioceptive end organs responsive to the respiratory 
movements of the animal. These structures, distributed widely through- 
out the medulla, contribute both inspiratory and expiratory potentials, 
and while thej'^ probably play in part on the respiratory motor centers, do 
not represent in themselves activity of the motor centers. Their wide 
distribution throughout the medulla would tend to obscure activity of the 
true motor centers. 


CONCLUSIONS 

1. Utilizing stimuli of moderate intensity, it is possible to perform 
an adequate physiological localization within the brainstem by the Horsley- 
Clarke method of stimulation, agreeing well vdth known morphology. 

2. The functional subdivision of the respiratory center into inspiratory 
and expiratory portions previously proposed by Pitts, Magoun and Ranson 
(1939a) is affirmed to have a morphological basis. 

REFERENCES 

Beaton, L. E. and H. W. Magoun. This Journal 133: P21, 1941. 

Brookhart, J. M. This Journal 129: 709, 1940. 

CoRDiER, D. AND C. Heymans. Ann. de physiol. 11: 535, 1935. 

Gesell, R. Ergebn. Physiol. 43: 477, 1940. 

Gesell R., J. Bricker and C. Magee. This Journal 117: 423, 1936. 

Hinsey', j. C. Res. Publ. Ass. Nerv. Ment. Dis. 20: 657, 1940. 

Magoun, H. W. and L. E. Beaton. This Journal 133: P1S6, 1941. 

Nicholson, H. G. This Journal 116: 402, 1936. 

Pitts, R. F., H. W. IMagoun and S. W. Ranson. This Journal 126: 673, 1939a. 

This Journal 126: 689, 1939b. 



THE EFFECTS OF WATER MOCCASIN VENOIM ON DOGS 

ROBERT V. BROWN 

♦ 

From the Department of Physiology and Pharmacology, Michigan Slate College^ 
Accepted for publication June 25, 1941 

The action of the venom of the tvater moccasin, Agkisirodon piscivorus 
Lacepede, has received little physiological stud 3 ^ The principal work has 
been that of Mitchell and Reichert (1886), Flexner and Noguchi (1903), 
Noguchi (1909) and Essex (1932). The earlier workers found certain 
similarities between the actions of Agkisirodon and Croiahis venoms and 
noted the greater neurotoxic activity of the former. In his work on 
moccasin venom, Essex noted only similarities to the results from Crotahis 
venom as determined bj'' him and his collaborators (Essex and Markowitz, 
1930; Taube and Essex, 1937). Hence the neurotoxic action of the 
Agkisirodon venom is in question. 

Experimental procedure. Dogs were anesthetized with sodium 
barbital,- 280 mgm. per kilogram of iDod}' weight, or sodium pentobarbital, 
32 mgm. per kilogram, intravencusly. Blood pressure Avas recorded by 
mercury manometer from the carotid artery, respiration bj' modified 
Alarey tambour from the tracheal cannula. In some experiments, the 
phrenic nein’^es and one sciatic nerve Avere exposed. Animals aati’C ke]it 
Avarm. The scries of experiments is composed of thirty-one dogs. 

The A'enom used aa'us from the batch descril)ed by the author (1940). 
Venom aa'us AA’eighed out and diluted to 0.1 per cent Avith Ringer, Tyrodc, or 
phj'siological saline; fresh solutions Avere made each time.’’ Dosage is 
expre.'iscd in milligrams of dry A'cnom per kilogram of body AA'cight. Injec- 
tions AA'ere b.A' cannula into the femoral A^ein and Avere AA-ashed in by burette. 
Duration of injections Avas A'ariable. 

In exjAeriments in AA’hich the phrenic neiwes AA'ere stimulated, the minimal 
break shock necessary to produce a A'isiblc respiratory effect AA'as used. 
Similarly a minimal A'alue for the tetanizing current Avas determined for the 
central end of a sciatic nerA'e; this value or a greater one Avas used in each 
case. 

* .\ part of this work was done in tiie Dopartmnnts of Plu'sioIof'.A' mul I’hannacol- 
ogy, the* University of Chicago. 

- First four anitnahs only. 

^ t'enoin-glyecroI-Ringer stock solution (Essex, 1952) wa.s used in the first tao 
e\f)erinients. 
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Results. Oii tlic basi.«! of re.'^piratoiy effects the animals ma}'^ be divided 
into three groups: group I is composed of animals dying of immediate and 
absolute respiratory failure; group II consists of animals dying of respira- 
tory failure but showing some respiratory activity, either terminal gasps 
or progressive depression, before complete failure; group III is composed of 
animals in which respiratory failure did not occur. These groups contain 
thirteen, fort.y-one, and forty-five per cent of the animals respectively. 

Grouj) I (fig. 1, A; fig. 2, no. 33). These animals showed fleeting stimu- 
lation, with immediate respiratory failure occurring within one minute of 
the beginning of the venom injection. There were neither terminal gasps 
nor response to sciatic stimulation: the failure was absolute. Minimal 
stimulations of the phrenic neiA^es produced twitches of the diaphragm. 

There was an immediate severe fall in blood jiressure within one minute 
of the beginning of the injection. A slow asphyxial rise then began in three 
cases; the fourth, which received the largest venom injection (1.25 mgm. 
per kgm.) showed no such rise. Sciatic stimulation usually lowered blood 
pre.ssure. 

The blood clotted well in two animals, poorly in one; the last was not 
autopsied. There was no hemorrhagic effect in any of them. 

Group 11 (fig. 2, no. 24 and no. 10). Those animals also showed respira- 
tory failure; however, it either developed gradually or terminal gasps were 
present. Chejme-Stokes breathing usuallj'- occurred in the first e'\'’ent. 
The effectiveness of sciatic stimulation varied directlj’’ with the degree of 
respiratory activit.y, being wholly ineffective once failure had occurred. 
Stimulations of the phrenic nerves produced twitches of the diaphragm 
after complete respiratoiy failure. 

Blood pressure fell precipitatelj’- to forty-three per cent of the original 
at five minutes after beginning the venom injection. The extent of the 
asphyxial rise varied inverselj'^ with the survival time, being great in ani- 
mals showing only terminal gasps and almost absent when the respiratory 
failure appeared very late. Sciatic stimulation usualh^ lowered the blood 
pressure. 

Only two animals were autopsied; one showed congestion; the blood 
clotted; the other showed occasional hemorrhages and a few clots. 

Group III (fig. 1, B; fig. 3). These animals did not .show respiratory 
failure; all received additional venom injections. The results discussed 
here are those of the first dose only. 

The characteristic respiratory sequence after venom was : fleeting stimu- 
lation, depression (occasionally complete paralysis for a brief time, usually 
of the Cheyne-Stokes type), recovery, slight stimulation (approximately 
30 per cent above the original), normal respiration. Again there was an 
inverse relationship between the effectiveness of sciatic stimulation and 
the degree of respiratory activity. 
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Fig. 2. Ordinates .arc in iiercontagcs of the normal; abscissae are in minutes after 
beginning the injection of venom. 1'he upper graph shows rcspiratoiy volume, i.e., 
the jiroduct of the rate and amplitude; the lower shows blood pressure. 

Xo. 33 is from group I; note the early respiratory failure and the asphy.vial rise in 
pressure. A'enom; 1.125 mgrn. per kilogram. (The fall in pressure at five minutes 
was caused by tetanizing stimuliition of the central end of the sciatic nerve.) 

Xos. 24 and 10 arc from group II ; the former shows terminal gasps, the latter early 
stimulation and gradual failure. Note tiie corresponding presstirc changes. Venom; 
1.0 and 0.5 mgm. jier kilogram, respectively. 

Fig. 3. Ordinates arc in percentage of the normal; abscissae are in minutes after 
beginning of the venom injection. The upper line shows the respiratory effects, the 
lower the blood pressure effects in animals of group III. The respiration is the 
average for eleven animals; three showed pure stimulation and are e.vcluded from the 
average. The blood pressure is the average for all the animals in the group. 

'I'ABLE 1 

Misccllnucov/i (lain for the several groups 


-All tiurnbors not otherwise designated are in percentage of the group. X’o average 
duration is shown for group III, since several injections were given each animal 
later; the effects of these arc not shown here. 
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Circailatory changes correspond with those described b}" Essex (1932) 
for moccasin venom and, by inference, rattlesnake venom (Essex and 
Markowitz, 1930). The description by Taube and Essex (1937) of the 


Fig. 1 A. Kymograph record of no. 31. Top line; respiration; second line; blood 
pressure; third line: zero pressure and record of events; fourth: time in five-second 
intervals. Anesthetic: sodium pentobarbital, 32 mgm. per kilogram. Venom dose: 
1.125 mgm. per kilogram, so marked. 

B and C. Kymograiih record of no. 28. Lines are the same as in the tracing above. 
Minutes are marked on all sections except that for 140 minutes; the speed of the 
paper was changed at 100.25 minutes to show a group of respirations. Defecation 
occurred at four, ninety, and one hundred fort 3 ’’ minutes; the last was mucous and 
bloody from intense gastro-intestinal hemorrhages. 
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gross pathology following the injection of rattlesnake venom is essentially 
applicable to the changes produced bj’’ moccasin -Nmnom in this group. 
Especially noteworthy were the absence of gross change in the lungs and 
the severe hemorrhagic destruction of the pancreas. Animals were only 
relativel}'’ refractory to additional venom injections. 

Various data from the several groups are shown in the table. 

Discussion. Taube and Essex (1937) and Essex and Markowitz 
(1930) showed that death from rattlesnake venom was caused bj' circu- 
latory manifestations, i.e., “crotalin shock.” Essex (1932) stated that 
by the tests he etruployed, “There is not a distinguishable difference in the 
physiologic action of the venom of the water moccasin and that of the 
rattlesnake.” There is no discussion of respiratoiy effects either in his 
paper on moccasin venom or in the extensive series of Essex and his co- 
workers on rattlesnake venom. 

Both the abrupt cessation of respiration in group I and the early or 
delayed failure in group II, accompanied bj'^ an asphj’^xial rise in blood 
pressure in both groups indicate acute respiratory paralj’^sis as the cause of 
death. In view of the transitional nature of group II, the division between 
group II and III is somewhat arbitraiy and is based on the presence of an 
asphyxial rise in group II which is absent in group III. On this basis 55 
per cent of the animals died of respiratory paralysis. Even in group III, 
79 per cent of the animals showed severe respiratory depression, with 
sulisequent return to normal respiration. Ninety per cent of the entire 
series of animals showed severe depression or failure of respiration. 

In all the animals in this series of experiments, a precipitate fall in blood 
presisure occurred; Essex and his co-workers ascribed this fall entirely to 
peripheral effects. In addition to these peripheral effects, there were 
central factors. The occurrence of marked a.sphyxial rises in pressure 
indicated that the vasomotor center, which had been depressed ly the 
venom, was stimulated by the anoxemia consequent to the low blood pres- 
sure, with a concomitant pressure rise. AVhen the asphyxia was dela.yed, 
this rise was less, probabb'' because of at least three factors: 1, further 
venom depression of the Amsomotor center; 2, permanent injury of the 
vasomotor center by the long-continued anoxemia consequent to the per- 
sistent low blood pre.ssure; 3, appearance of hemorrhagic and other periph- 
eral effects. When no asphy.xia occurred, the survival time was long- 
Sciatic stimulation produced little vasomotor response, probabl}' for the 
rca.«ons enumerated above. Attempts to distinguish direct vasomotor 
(lepre.<.'<ion from ano.xemic injury have so far been unsuece.=:sful. 

(’lotting of blood occurred in animals dying .soon after venom injc<!tion; 
where death was delayed, as in group HI, the blood remained fluid. Simi- 
larly hemorrhagic effecLs developed only in those animals which livi'd long 
enough for vascular destruction to occur (co. 15 rnin.). 
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SuMMART . In this series of dogs, o5 per cent of the animals died of 
respiratoiy failure brought about b3' direct action of the venom on the 
respiratoiy center. 

Injections of venom caused an immediate severe fall in blood pressure in 
all cases. Animals djdng of respiratoiy failure showed asphjodal rises 
in all cases but one. 

After respiratoiy failure stimulation of the sciatic nerve produced no 
respiratoiy actmtj'. Phrenic nerves were unaffected, as judged b}'' the 
test emploj^ed; i.e,, there is no emdence of a curare-like action. 

Animals which Jiad received one dose of venom were onljr relativelj'^ 
refractoiy to additional doses of venom. 

Bradj’cardia was evident in 52 per cent of the subjects. 

Salivation occurred in 38 percent of the animals; defecation in 19 per 
cent; lacrimation was present in one case. 

Clotting of the blood occurred onlj'^ in animals d 3 'ing within a few minutes 
after the injection; in others the blood remained fluid. 

Hemorrhage into the tissues was absent in animals d^dng within a few 
minutes of the injection. The extent of hemorrhage varied directlj’’ with 
the duration of life. 


CONCIrUSION 

Poisoning bj’- water moccasin venom is partiallj’- due to the neurotoxic 
action wliich produces respii-ator^^ and vasomotor depression or failure; 
when those factors do not produce death, the persistent low blood pressure 
and the hemorrhagic vascular effects are responsible for the mortality. 
Between these extremes are cases where both sets of factors are active. 

There is a definite relationship between the quantity of venom injected 
and the cause of death: the heavier doses 5 deld the neurotoxic (central) 
effects and lighter doses the “shock” type (peripheral, or circulatorj^ 
effects. 
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The effects of induced blood-sugar variations on external pancreatic 
secretion have been studied by numerous investigators with conflicting 
results. Babkin and Savitsch (1) showed that the intragastric adminis- 
tration of cane sugar and lij’^drochloric acid, to dogs ivith permanent pan- 
creatic fistulae, elicited juice of a higher tiypsinogen content than could bo 
obtained bj’’ the acid alone. La Barre and Destr^e (2), cmplo3dng the 
cross-circulation method in chloralosed dogs, reported that moderate hypo- 
glycemia of the recipient’s encephalic centers diminished the volume and 
euz3’'me content of pancreatic juice elicited bj’’ intravenous secretin. Ihis 
inhibitoiy effect was aljolished b}’’ bilateral vagotom5^ Gaj'^et and Guil- 
laumie (3) using a similar technique observed no increase in pancreatic 
secretion during hypergl^’^cemia either before or after vagotomj'. In anes- 
thetized rabbits, Baxter (4) noted a decrease in the enz^TOe content of 
pancreatic juice obtained during insulin hj^pogRmemia. Vagotomj' abol- 
ished this response but did not prevent the rise in enz3mies evoked y 
h3’’perglycemia. Experiments conducted on men 133’’ Okada (5) and Fris 
and Welin (6) showed the gastric and pancreatic seci’ction, collected } 
suction thi-ough intraduodenal and intragastric tubes, were augmented b3 
insulin h3’'pogl3memia. The former investigators showed that glucose in 
hibited this response while the latter obtained a greater rise in cnz3mcs 
than in volume of pancreatic juice during insulin hypog^Temia. 

From the evidence obtained b3Gnvestigators (for a more complete 
see Okada (5), Frisk and Welin (6)) it is evident that the relation of the 
external pancreatic secretion to blood-sugar variations has not icen 
studied thoroughh'^ in unanesthetized dogs with pancreatic fistulae. n 
order to obtain clean-cut evidence on this problem and to invc.stigate .some 
of the mechanisms involved, the following experiments were conductec . 

Methods. The majority' of the pancreatic fistulae were prepare >3 
the Inlow method. The details for the preparation of this fistula arc gn ca 

* Portions of this paper wore presented at the meetings of the American Plijs' 
logical Society in March, 1910 and .\pril, 19-11. 
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elsewhere (7). In tliis fistula the transplanted major pancreatic duct pei- 
niits easy cannulation at each experimental period. The animals were 
gastrostomizcd by the method of Carlson (S). Following postoperative 
recovery each animal was trained to lie on a padded table and pancreatic 
juice was conducted to an automatic drop counter and recorder b}^ a glass 
cannula cemented into the transplanted duct with collodion. Intragastric 
pressure was recorded hy a water manometer and condom balloon, the 
latter was introduced into the fundus of the .stomach and inflated to a pres- 
sure of 5 cm. of water. The balloon was held in the fundus b 3 " a I inch 
stiff-rubber tubing which passed through the balloon and extended be.yond 
for several inches. This tube, with its perforated tip, served to drain fluid 
gastric content. 

The other type of pancreatic fistula used in some of the experiments was 
prepared by introducing the special gastric and duodenal cannulae of 
Thomas (9). The duodenal cannula was placed in the intestine directlj’- 
opposite the major pancreatic duct which permitted direct cannulation of 
the duct through the duodenal cannula (10). The special gastric cannula 
Avas placed in the fundus of the stomach which permitted the introduction 
of the balloon and drainage tube. 

Observations were conducted for 3 to 6 hours on the trained animals 
Avhich had fasted 18 to 24 hours. One unit of insulin per kilogram (Iletin or 
ciystalline insulin) was injected subcutaneously or intravenously. Glucose 
(1 gram per kgm.) was injected intravenously, usually as a 20 per cent solu- 
tion. Blood samples were drawn at appropriate intervals from the 
saphenous or cephalic vein and the blood sugar was estimated b}^ the Shaf- 
fer-Hartmann method on cadmium sulphate filtrates. 

Results. Effects of suhcidaiieous insulin and intravenous glucose on the 
volume and proteolytic activity of pancreatic juice. This group of experi- 
ments was conducted on 5 InlovA' fistulae which were selected because the^'’ 
secreted large quantities of pancreatic juice and did not show “asecretory” 
periods (for a discussion of this problem see (11)). During experimental 
periods the pancreatic juice was collected at half-hour inteivals and its 
proteolytic activity, after the addition of enterokinase, was estimated by 
formol titration. After a control period of 1 to 2 hours either insulin or 
glucose, or insulin folloAved in 50 to 60 minutes by glucose, was injected. 

Figures 1, 2 and 3 are graphs of three results obtained. Figure 1 illus- 
trates an experiment in which a reduction in the secretoiy rate and an 
augmentation of the proteolytic activity folloAved the administration of 
insulin. In the experiment graphed in figure 2 there Avas little difference 
in the volume of juice secreted follondng the insulin but again an increase in 
the proteolytic activity Avas obserA’^ed. Figure 3 sIioavs an increase in the 
volume and a decrease in the proteolytic activity of the juice collected 
after the administration of glucose. The data from these experiments are 
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summarized in table 1. In this table the average volume and the average 
proteol}riic acthdty of the juice obtained after glucose or insulin adminis- 
tration is compared ndth the average ^mlues obtained during the cor- 
responding control period. The result was recorded as an “increase,” 
“decrease,” or “no change.” 

These experiments demonstrated that no consistent, predictable results 
could be obtained with insulin or glucose under the above conditions. 
Babkin (12) has noted that in general the enz3Tne content of pancreatic 



I 2 3 4 5 6 7 8 9 10 II 12 
TIME in HALF-HOUR PERIODS 

Fig. 1. Experiment showing a reduction in the volume and an incrwse in the 
proteolytic activity of pancreatic juice following subcutaneous insulin (1 amt 
per kgm.). 

juice varies inverse^' with the volume of pancreatic juice. This obscr\ a- 
tion was often confirmed b.y us in control experiments in whicli no insulin 
or glucose was injected. Since after insulin administration the jjrotcol^ tic 
activitj’’ increased in S experiments it is possible that the method uscc 
above obscured small increases in this acti\'ily. 

Effects of insi/lin and glucose on the vohonc of pancreatic secretion and e// 
gastric inotilitii. IN'umeroua investigators (13, 14, 15, IG), have rcportci 
that insulin In-poglycemia augmented gastric motiliri” this hyperniotilil} 
was usualK' inhibited b\' intravenou.*: glucose. Since we (17) had ob.-ci'* ^ 
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a temporal correlation between hunger contractions and pancreatic secre- 
tion it seemed possible that insulin might elicit an increase in the ^^oIllme 
of pancreatic secretion concomitant with the onset of hypogl 3 'cemic gastric 
lij’^permotility. 

Tables 2 , 3 and 4 (group A) summarize the data obtained on 8 dogs em- 
ploying the procedure outlined under INIethods. These data show clearlj'^ 
that hypoglj’^cemia at 50 to 60 minutes following subcutaneous or intrave- 
nous insulin was associated with an augmentation of both the gastric 
motility and the volume of pancreatic juice. This augmentation usualty 
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TIME IH HALF-HOUR PERIOOS TIME- HALF-HOOR PERIODS 

Fig. 2 Fig. 3 

Fig. 2. Results of an experiment in which no appreciable change in the volume 
was accompanied by an increase in the proteolytic activity of pancreatic juice after 
the administration of subcutaneous insulin (1 unit per kgm.). 

Fig. 3. Experiment demonstrating an increase in the volume and a deci'ease in 
the proteolytic activitj’^ of pancreatic juice following intravenous glucose (1 gram 
per kgm.). 

began when the blood sugar reached 40 or 50 mgm. per cent as is shown in 
figure 4. Usualty, but not invariably, the gastric hj’-permotility preceded 
the pancreatic response bj’’ an interval of several minutes. Tj^picall}’- the 
h 3 '’permotility showed an incomplete tetan 3 '- together with increased ampli- 
tude of gastric contractions. Glucose administered intravenousty during 
the hypogl 3 ''cemia produced an immediate reduction in the gastric and pan- 
creatic activity (see fig. 4). In a few cases the pancreatic secretion was 
inhibited completely for 5 to 10 minutes. More often, however, the secre- 
tor 3 ’' rate was reduced and the gastric tone and contraction-amplitude was 
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diminished only to be followed in a short time by a return to a more rapid 
secretory rate and vigorous gastric contractions. This increase in pan- 
creatic flow often occurred witliin 15 minutes after the injection of glucose 
and at a time when the blood sugar was still high. Injection of a hyper- 
tonic sodium chloride solution equal to the volume of the glucose solution 
failed to produce such inhibition and often produced an augmentation (see 
fig. 4). When a post-glucose hj-poglycemia appeared, following the in- 
travenous injection of glucose, the gastric and pancreatic responses were 
identical with those obtained during insulin h 5 'pogl 3 Temia. 


TABLE 1 


Ejfect of subcutaneous insulin (1 unit per kgm.) and intravenous glucose 
{1 gram per kgm.) on volume and proteolytic activity of 
pancreatic juice 



SECIIETIO-N' 

ENZVME 

1 

Increase 

Decrease 

No 

change 

Increase 

Decrease 

j 


Glucose, 16 experiments. 
Insulin, 16 experiments . . 

4 

8 

10 

1 ^ 

2 

3 

4 

5 

3 

3 

H 


TABLE 2 


Number of experiments showing the effect of 1 unit of insulin per kilogram subcutaneously 

at 50 to 60 minutes after injection on:* 



! GASTRIC MOTILITY 

1 


WNCnEATlC SECnETION 




1 .■Vugmentation 

Inhibition 


1 Moderate 

1 effect 

No eflect 



1 No cJccl 

A 

0 

7 

1 

1 1 

0 

^ 10 

1 

1 2 

1 ^ 

0 

B 

0 j 

0 

i 3 1 

0 

2 

' 1 

1 0 

0 












* Blood glucose 25 to 40 mgni. per cent. 

Group A: Experiments on dogs before bilateral vagotomy. 

Group B: Experiments on dogs after sectioning left vagus in the neck and rig it 
vagus in the thorax. 


Regan (14) reported that an immediate transitorj' inhibition of gastric 
motiliU' followed bj- the typical lyypogh'cemic augmentation appeared 
when intravenous insulin was administered. This reaction was observed 
in our experiments along with a concomitant inhibition of panci'catic socie- 
tion when cither ciystalline insulin or Iletin was used. While the initia 
pancreatic inhibition was sometimes complete, more often the secretory 
rate was mereb* diminished. 

EJfrcls of insulin and glucose on Ihe vobnnc of pnncrcnlic secretion and on 
the gastric niolilily after hilaleral vagotomy. In order to .stud.y the elTeets o 
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TABLE 3 


Number of experiments showing the effect of intravenous injection of 1 unit 

of insulin per hilogram 






lilMEDIATE 

EFFECT ok: 





Gastric Jlotility 

Pancreatic Secretion 

iUOVP 


Inhibition 



Inhibition 

Augmen- 

tation 





Marked 

effect 

Moderate 

effect 

Little or 
no effect 

A 

i 

8 

17 

4 

1 0 

11 

13 

4 

0 

B 

0 

8 

2 

i 0 


4 

0 

0 

C 

4 

3 

9 

1 0 


3 

12 

2 


EFFECT AT 50 TO CO MINUTES FOLLOWING INJECTION ON:* 


j 

j Gastric Motility 

j Pancreatic Secretion 


Augmentation 


Augmentation 

1 


Marked 

effect 

Moderate 

effect 

1 

Little or 1 
no effect 

inhibition 

Marked 

effect 

Moderate 

effect 

Little or 
no effect 

Inhibition 

A 


5 

2 

0 

1 

17 

7 

5 

0 

B 

■H 

0 

9 

0 

5 

4 

0 

0 

C 

H 

0 

17 

1 

0 

0 

0 

17t 

0 


* Blood glucose 25 to 40 mgm. per cent. 

Group A: E.xperiments on dogs before bilateral vagotomy. 

Group B: Experiments on dogs after sectioning left vagus in the neck and right 
vagus in the thorax. 

Group C: Experiments on dogs after complete vagotomy, 
t Note: six of these showed a ver 3 ’- slight augmentation. 

TABLE 4 


Number of experiments showing the effect of 1 grain of glucose per kilogram 

intravenously on:* 



GASTRIC MOTIUTT 

PAKCREATIC SECRETION 

GROUP 

Inhibition 

Augmen- 

tation 

Inhibition 

Augmen- 

tation 


Marked 

effect 

Moderate 

effect 

Little or 
no effect 

Marked 

effect 

Moderate 

effect 

Little or 
no effect 

A 

n 

23 

8 

0 

28 

14 

2 

1 

B 


1 

17 


12 

5 

0 

0 

C 

0 

0 

17 

BH 

6 

8 

3 

1 


* Blood glucose 200 to 300 mgm. per cent. 

Group A: Experiments on dogs before bilateral vagotomy. 

Group B: Experiments on dogs after sectioning left vagus in the neck and right 
vagus in the thorax. 

Group C: Experiments on dogs after complete vagotomy. 

bilateral vagotomj’- on the gastric motility and pancreatic responses to 
insulin and glucose the following two-stage operations Avere performed and 
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the animals were studied, after recovery, under the conditions previously 
described. Two groups of animals were prepared: group B consisted of 4 
incompletely vagotomized dogs (the right vagus was cut in the mid-thoracic 
region, the left was cut in the neck) ; group C was composed of 3 completely 
vagotomized dogs, two dogs having bilateral cer^’ical vagotomies while the 
other had both vagi sectioned just above the diaphragm after a left cervical 
vagotomy. 

The i-esults of experiments conducted on the group B animals (see tables 
3 and 4) showed that the immediate inhibitory effect of intravenous insulin 
on the gastric motility and pancreatic secretion usually persisted. The 
h 3 ’'poglycemic effects, however, were markedl}’’ altered by the incomplete 
vagotomies since the rapid pancreatic secretory responses appeared but not 
the gastric hypermotilit 5 ^ Tlie stomachs of these animals remained atonic 
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Fig. 4. Record of the effect of subcutaneous insulin (1 unit per kgm.), intravenous 
sodium chloride and glucose upon gastric motility and the volume of pancreatic 
juice (IG drops = 1 cc.). 


during the rapid pancreatic secretion elicited by insulin hypoglycemia. 
These experiments prove that the pancreatic response to insulin h 3 ’'pogl) - 
cemia can be independent of the gastric motor activity. 

In the completeh’’ vagotomized dogs (group C) the gastric motor response 
and the rapid pancreatic secretion of insulin h 3 ’'poglyccmia were boti 
abolished (see group C, tables 3 and 4). In no experiment of this group v as 
more than a veiy slight pancreatic augmentation elicited b 3 ' insulin hypo- 
gh'cemia. The initial inhibitory action of intravenous insulin, which vas 
so frequenthv observed in the other experiments, was usualty absent. 

In both groups of animals (B and C) intravenous glucose produced no sig- 
nificant change in the atonic hy’pogh’cemic stomach but almost ab\a 3 .’* 
elicited a transient, marked or modex*atc reduction in the pancreatic .secre- 
tory' rate. . 

The.-e experiments show that complete vagotomy' abolishes the norrna 
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motility and secretory response to insulin hypoglycemia but doe.s not pre- 
vent an inhibitoiy action of intravenous glucose upon the pancreatic secre- 
tion. Complete vagotomy appeals also to reduce the incidence of tlu' 
inhibitory responsc.s of the pancreas immediately following the intravenous 
injection of insulin. 

77/e effects of excluding gastric juice from the duodenum upon the pancnnlic 
secretory response to insulin hypoglycemia. Babkin (IS) reported that in- 
sulin elicited a large flow of gastric juice which resulted from (Ik* hypo- 
glycemic stimulation of the vagus cenleiv because the gastric response w/is 
abolished by vagolom.y. In view of this mechanism it seemed possible that 
the pancreatic response observed by us could have resulted from the en- 
trance of gastric acid into the duodenum with the formation of .secretin 
which called forth a rajiid pancreatic secretion. In order to determine 
•whether this mechani.sm played a part in the hypoglycemic ])ancreatic 
resjionse the following e.Kporiments were j/erformed. Because v;igotoin\' 
can alter the gastric and pancre.atic rcsiionscs to insulin it was necessary to 
exclude gastric juice from the duodenum without ext/'nsjve damage to the 
nerve supply of the stomach or pancreas. To avoid such damage the .3 
dogs with gjLstric and pancreatic fistulae were subjected to sub-muscular 
"pyloric separations”. In this operation the thick muscular layers of the 
stomach were incised longitudinally and completely separated from the 
underlying submucosa at a level just rostral to the pyloi-ic si)hinctor. 'J'he 
gastric mucosa and submucosa were divided and the cut ends were so closed 
as to completely separate the lumen of the .stomach from the duodenum. 
Th.e longitudinal incision was carefully sutured to avoid extensive destnic- 
tion of the nerves which are pre.sent in this region. 

In 0 experiments conducted on the.-e animals in.sulin j)roducfHl a typical 
ga.stric hypermotility during hyj/oglycemia but failed to augment the nite 
of pancreatic secretion significantly. In no instance was tlie r.apid pan- 
creatic secretion observed which was the charact^'ristic re.-j)ons(‘ of thc.-e 
animals prior to pyloric sej/aration. Thc,«e experiment.^ were conducted 
on the animals after healing of the abdominal wound.^- Inul occurred. Iti a 
number of semi-acute experiment.^ iimilin failed to initi.aie either ga‘-1ric 
Iiyja'rmotility or pancreatic augmentation, 'rhe-e experiment^ demon- 
.stiate that elo-^-urc of the stcmiacli at the f>yloru''~ j/revent.-' the raj/ifi .--'cre- 
lory re.spon-e of the pancreas nortnally seen dtuiieg iu'-ulin iiypoglyc/nnin. 

'J'he ri lotion ef "sjumforuou''" hlood-sttgar lariatioj!" to rjo-^'rie 3oe,;;lify 
and pnncraitic s^.n-etion. IT B. BoidyiefT (lb) Tepetri^'d ih.aT diH'ing the 
••w<»rk'' perioiB of the stomach and pancreas the bI<;od stigar fell 20 to .20 


ni.percfnt andretmned tohicher level-- duringiiiC'n'-t" iwrind-of t!if 


orc.ans. Mulino- UO) (on dr'g-i 


aiul \V. W. .Scott (20/ 0>!' nien; fi.ibd !o 


esiabli-h anv cc.u-ed re!nti<tn between the bhuMi- 


luiuirer nlotiii^^■. In order to extend thc-e ob-ervat ion- t»> j/selude bt-ting 
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pancreatic secretion 30 experiments on 7 dogs were performed; in 11 of these 
experiments the pancreatic secretion was led to the exterior and recorded; 
in the remainder of the experiments the pancreatic juice entered the duo- 
denum naturally and .only the motilit 3 ’’ of the stomach was recorded. 
Table 5 shows a typical experiment in which no significant changes in 
blood sugar occurred during marked gastric and pancreatic activity. It 
will be noted that the pancreatic flow ceased during the intermotility period 
and that the blood sugar was higher during the subsequent period of hunger 
contractions than during the period of quiescence of the stomach and 
pancreas. The experiments in which the pancreatic juice was not diverted 
from the intestine also failed to show the positive correlation between the 
blood sugar and the gastric motility claimed by Boldyreff. 

TABLE 5 


y Blood sugar, gastric molilily and “pancreatic secretion 


TIME 

BLOOD 6tTQAR 

MAXIMUM INTBAOA8- 
TRIC PRESSURE 

DliOPS OF PANCnEATIC 
JUICE FEU MINUTE 

1 

milligrams per cent \ 

centimeters of \ 

water 


8:15 a.m. 

66 

27 

7 

9:01 a.m. 

65 

29 

12 

9:33 a.m. 

76 

33 

10 

10:13 a.m. 

76 

6* 

' 0 

10:48 a.m. 

80 

15 

2 

11:10 a.m. 

75 

23 

11 


* Stomach showed no hunger motility during this period. 


Discussion. It is evident from the foregoing observations that insulin 
produces a rapid flow of pancreatic juice, together with gastric hypei- 
motilitj'', when the blood sugar is sufficient^ reduced. The consistent 
appearance of the gastric motility response to hypogtycemia confirms the 
observations of previous investigators (13, 14, 15, 16). In our initial ex- 
periments the use of dogs wliich Avere ^‘hj'persecreting” (Babkin, 12) 
probably accounts for our original failure to demonstrate the stimulating 
effects of insulin hypogbrnemia on the external pancreatic secretion. 

The effects of vagotomj’' on the Amlume of pancreatic juice secreted ap- 
pear to depend upon the completeness of the Amgotom 3 ^ l^’hen both vagj 
are sectioned in the neck the motility of the stomach and the increasec 
pancreatic secretion seen in insulin h 3 ’’pogl 3 'cemia are lost. -On the ot lei 
hand, incomplete vagotom 3 ’' does not abolish the pancreatic response )U 
onl}' the tAqjical gastric h 3 '-permotility of h 3 'poglycemia. The occasiona 
very slight increases in the pancreatic secretion, seen during 113 ^ 05 ^^^*^”'')^ 
in the completel 3 ' vagotomized dog, were aiwa 3 's so small as to be que. 
tionable increases. Contrary to Bold 3 'reff (21) we found that in?u m 
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elicited a hypoglycemia after complete vagotomy. Our results confirm, 
in general, the observations of Olcada (5) made on human subjects. These 
results were less precise than ours because the aspirated pancreatic juice 
was contaminated mth bile and succus entericus. 

The immediate inhibitorj’- action of intravenous insulin on gastric 
motility and pancreatic secretion is most marked and most frequent in the 
animals before vagotom 3 L Even incomplete vagotom}’- often reduces the 
magnitude of this inhibition. In a feiv experiments on completely vagot- 
omized dogs the pancreatic flow accelerated immediately after the in- 
travenous injection of insulin. It is possible that intravenous insulin 
stimulates the centers which control the vagus constrictor fibers to the 
pancreatic ducts. Special experiments designed to investigate this problem 
will be needed to settle this question. 

The transient inhibitory action of intravenous glucose on the pancreatic 
secretion persists after complete vagotomjL It seems probable that this 
inhibitoiy effect of glucose is exerted directl}’- on the pancreas because this 
effect persisted in several splanchnicotomized dogs. In 6 experiments in- 
travenous glucose inhibited the spontaneous pancreatic secretion, the in- 
hibition lasting for as long as 20 minutes but usuallj" for a shorter period. 
The effect resembled the transient inhibitoiy effect of glucose seen during 
h^'^poglycemia. 

In considering the way in which the pancreas is excited to secrete rapidly 
during hypogl 3 ’'cemia it is necessaiy to consider the secretin mechanism 
which could play an important role in this response. Complete vagotom}’" 
abolishes the typical hypoglycemic pancreatic response and also abolishes 
the typical gastric secretion under these conditions. These results could 
be explained on the removal of the secretin mechanism. In animals with 
pjdoric separations no gastric juice can enter the duodenum; these animals 
react to insulin hypoglycemia e.xactly like the completely vagotomized 
dogs. This is strong evidence for the dependence of the pancreatic re- 
sponse upon the gastric secretoiy response. The simplest explanation of 
these results is that in both conditions the normal secretin mechanism has 
been eliminated. Frisk and Welin (6) failed to observe marked pan- 
creatic responses in men during insulin hypoglj’-cemia, when the gastric, 
content was continuously aspirated b,v the gastric tube. Okada (5), how- 
ever, has observed hypoglycemic pancreatic augmentation in cases of gas- 
tric carcinoma which secreted alkaline gastric juice. These results are 
difficult to reconcile with our observations. Additional experiments, de- 
signed to detect the liberation of secretin under the above conditions, are 
needed definitelj^ to settle this problem. 

The authors are indebted to Dr. F. B. Peck, Lilly Research Laboratories, 
and to Dr. H. Jensen, Squibb Institute for hledical Research, for the Iletin 
and ciystalline insulin used in these experiments. 



218 


SCOTT, COLLIGNON, BUGEL AND JOHNSON 


CONCLUSIONS 

1 . Insulin hypoglycemia increases the volume of pancreatic juice secreted 
by unanesthetized dogs ha^dng permanent pancreatic fistulae. 

2. Intravenous glucose temporarily inhibits the pancreatic secretion 
which appears spontaneously or in response to insulin. 

3. Complete bilateral vagotomy abohshes the rapid flow of pancreatic 
juice and the gastric hypermotilit}'- of insulin hypoglj’^cemia; incomplete 
vagotomy abohshes the gastric but not the pancreatic response. 

4. Intravenous insuhn exerts a transient inhibitory effect on the fasting 
gastric motflity and pancreatic secretion; the incidence of this effect is 
reduced by complete vagotom 3 ^ 

5. Exclusion of the gastric juice from the duodenum by p 3 doric separa- 
tion abolishes the rapid pancreatic secretion of insulin hypoglycemia. 

6. Spontaneous variations in the volume of the fasting pancreatic secre- 
tion and gastric motility are um’elated to the fluctuations in blood sugar. 
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We have shovm previously (1) that choline and other vasodilator drugs 
are effective in depressing the experimental pol3’^C3dhemias produced in 
dogs by cobalt administration or b3’’ dail3’- exposure to low atmospheric 
pressure. To explain tins action of the above drugs, we assume that the3’’ 
improve the blood flow to bone marrow, thus diminishing the local anoxia 
and removing the stimulus to pol3’'C3’^themia. 

If this explanation is correct, it would seem that di’ugs which might 
constrict marrow arterioles should have the opposite effect; i.e., should 
increase the rate of red blood cell formation. 

The present investigation was made, therefore, to see whether a P0I3'- 
cythemia could be produced b3^ certain drugs which have the general 
action of producing vasoconstriction. Ephedrine and amphetamine 
(benzedrine) were chosen for this trial because of theu- prolonged action 
and resistance to destruction by the bod3\ 

Procedure. The subjects used for these experiments consisted of 6 
dogs, 7 rabbits and one human. The dogs and rabbits were fed a constant 
adequate diet and were allowed water ad libitum. 

Control observations on the blood Avere made over a period of at least 
two weeks before the drug administrations were commenced. These 
obseiwations included er3rihroc3de counts, hemoglobin determinations 
(Salili), total leukocyiu coimts, and estimation of the percentage of reticulo- 
C 3 ries. The latter obser\^ation Avas made using glass slides on which a drop 
of blood had been mixed and smeared A\'ith a drop of aqueous cresyl blue 
solution, dried, and then stained with Wright’s stain. 

Blood samples Avere di*aAATi from the saphenous vein in the dogs, and 
onl 3 ’' at times when the animals AA'ere in an unexcited and basal state. In 
the rabbits blood was di’aAAm dii’ecth' into diluting pipettes from the site 
of pimcture of the marginal ear A'^ein. During the experimental periods, 
blood Avas sampled onl3' after the elapse of at least 17 hours from the time 
at which the dail 3 '- dose of drug had been gteen. 
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Ephedrine sulfate was administered to four dogs by stomach tube in 
daily doses ranging from 2.5 to 5.0 mgm. per Idlogram. The latter dose 
level has been shown by Ogden and Teather (2) to raise the blood pressure 
in dogs following oral or subcutaneous administration. 

In similar experiments on rabbits, 2 normal and 2 splenectomized rabbits 
were given 45 mgm. of ephedrine sulfate daily by subcutaneous injection. 

Amphetamine (Benzedrine) sulfate was given oralty to one splenec- 
tomized and 3 normal dogs in a daily dose of 10 mgm. The same daily dose 
was administered by stomach tube to 4 rabbits, 2 of Avhich were 
splenectomized. 

Three rabbits wdth cobalt pol 3 ’’C 3 '^themia w^ere given dailj'' injections of 
45 mgm. of ephedrine sulfate in addition to dail}’' injections of 10 mgm. of 



Fig. 1. The production of polycythemia in dogs by the daily administration o .a 
to 5.0 mgm. of ephedrine sulfate per kilogram by stomach tube. Dashes in ica c 


cessation of ephedrine feeding. 

Fig. 2. The effect of dail}' subcutaneous injection of 45 mgm. of ephedrine su a e 
into 2 normal and 2 splenectomized rabbits, upon their red blood coll counts. 


cobalt (40 mgm. cobalt chloride) Avhich wms the dose used to induce t us 
t^'pe of pol 3 m 3 "themia. 

One human subject ingested ephedrine sulfate in a daib' dose of 50 mgm. 


for 20 da 3 's. 

Results. The dail 3 ' oral administration of ephedrine to 4 norma OoS 
caused an increase of about one million in their basal er 3 ’’throc 3 ’^te num kis 
( fig. 3). The development of pol 3 ’’C 3 '’themia was gradual. No signi icam 
increase of red cells occurred during the fust 6 da 3 's. ll'ithin 10 to o 
da 3 ’s, however, the full increa.ses in red cell numbers were apparent. 
pensisted throughout the periods of ephedrine administration and dioppcc 
back to normal within 7 to 10 da 3 's after the discontinuation of cphcf unc. 
The cessation of the drug feeding in each dog is indicated b 3 ^ the beginning 
of the dashes in figure 1. Hemoglobin percentages (not shown) ran p.aia 
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MRlh the led cell counts, throughout. The reticuloc^de percentages were 
approximatel}'^ doubled during the pol 3 '^C 3 ’^theniia. 

Total ^leukoc 3 de counts remained approximately constant for each dog 
and did not vary b 3 ’' more than 10 per cent throughout the experiments. 
The counts are not shown here, but the normal values ranged from 13000 
to 15000 per cu. mm. of blood. 

Figure 2 shows the effect of daily injections of 45 mgm. of ephedrine 
sulfate upon the er 3 dhroc 3 '’te numbers of 2 noi'mal and 2 splenectomized 
rabbits. Within one to two weeks the red cell counts of all 4 rabbits had 
increased by about one million. Ileticuloc 3 '’te percentages (not shown) 
were also increased from a normal value of 1.5 (average) to 4.0 during 
polyc 3 ''themia. 



Fig. 3. The additive effect of daily injections of ephedrine (45 mgm., subcutane- 
ously) upon the blood of rabbits with cobalt-induced polycythemia. 

Fig. 4. The effect of daily ingestion of 50 mgm. of ephedrine sulfate upon the blood 
of one human subject. 

Ephedrine sulfate (45 mgm. daily) was injected into three rabbits which 
already had cobalt polycythemia (fig. 3). This produced further increases 
in the red cell counts, wliich amounted to about one half to one million 
cells per cubic millimeter in the different animals. The cobalt injected 
rabbits received 10 mgm. of cobalt daily in the form of the chloride; and 
at the’ time at which ephedrine injections were started, each rabbit had a 
polycythemia of about 50 per cent, which had required about two and a 
half months to develop. 

One human subject (the author) took ephedrine sulfate b 3 ' mouth in a 
daily dose of 50 mgm., with results on the blood which are shown in figure 
4. An increase of about 0.8 milhon in the er 3 'throc 3 de number was pro- 
duced in two weeks. This was accompanied b 3 " an increase in hemoglobin 
of about 11 per cent. Total leukoc 3 d;e counts, however, did not go up but 
remained fahh" constant around a value of ten thousand. In tlus e.xperi- 
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ment it was observed that the fu’st few dailj’" doses of ephedrine raised 
systolic blood pressure 15 to 20 mm., diastohc pressure about 5 mm., and 
slowed the pulse rate by about 10 beats per minute. These changes com- 
menced about 40 minutes after ingestion of the drug and persisted for at 
least 2 horns. Subsequent daity doses of ephedrine did not appear to alter 
the systolic pressure A’eiy markedl 3 ^ No unpleasant sj^mptoms were 
experienced as a result of taldng the drug. An E.C.G. taken one hour and 
fifty minutes after the 20th daily dose of ephedrine appeared to be quite 
normal. 

Amphetamine sulfate was given orally to one splenectomized and 3 nor- 
mal dogs in a dailj'’ dose of 10 mgm. As can be seen in figure 5, all four 
dogs developed potycythemia within 12 daj^s. Erjdhi’ocyte counts in- 
creased bj’’ about one million while hemoglobin percentages (not shown) 

EJ-t 


citfin. 



Fig. 5. The development of experimental polycythemia in dogs by the daily oral 
administration of 10 mgm. of amphetamine sulfate. Dashes indicate cessation of 
drug feeding. 

increased, but not so greatly. Recovery from polycythemia is not shown 
for 3 dogs in figure 5, since it was desired to do other experiments on these 
animals. In the one animal in which recovery is illustrated (fig- 5), 
about 12 days w'ere required for this to occur. 

Amphetamine sulfate (10 mgm. dailj’^) wns also fed to 4 rabbits b} 
stomach tube. Two of these rabbits apparentl}’’ developed a polycythemia, 
but the other two did not, although they received the drug for about 
eighteen days. Since the results were inconclusive, thej' are not shown m 
this paper. 

Discussion. The slow onset of polyc 3 ’’themia in dogs, rabbits and man 
following the commencement of daily ephedrine administration as well as 
its slovr regrc.ssion upon cc.ssation of the drug indicates a probable triK 
increase in erythrojioicsi.s. This intcrprclation is also supported by the 
reticulocyto-sls ob.served in dog.s ami rabbits during the-sc e.vperimcnt-s. 
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The fact that splenectomizecl animals responded in the same waj'- as nor- 
mals to ephedrine or amphetamine also supports our belief that these 
drags stimulate red blood coll production. 

The remote possibilit}' that ephedrine might cause a slow chronic change 
in state of blood reservoirs and thus increase the eiythrocj^te number, is 
largelj' precluded by the appearance of polyc3'themia in our splenectomized 
animals (figs. 2 and 5 ). Furthermore, the induction of polycj^themia in 
man b\" ephedrine (fig. 4 ) does not seem e.xplainable on this basis when 
viewed in the light of recent work b3' Ebert and Stead ( 3 ). These authors 
present eAudonee tending to show that the er3’-tln-oc3dosis observed in 
normal men as an acute response to exercise or epinephrine injection is not 
due to contraction of blood reservous. Their e^^dence even casts doubt 
upon the existence of blood (storage) reservoirs in the human organism. 

Deh3'dration of the blood probabl3' pla3'S no part in the pol3’-c3dhemias 
reported in this paper. In the first place, fluid loss b3' the blood might be 
expected to occur after the first dail3^ dose of drag, if at all ; but no signifi- 
cant increase of basal eiytlu'OC 3 ’-te numbers occurred in an 3 ’- of our animals 
during the first week (figs. 1 - 5 ). Secondly, the relative constancy of 
normal leukoc3dc counts in man (fig. 4 ) and dogs (not shovm) during 
ephedrine polyc3'themia, seems to argue against a possible blood con- 
centration. 

The additive effect produced b3’ ephedrine upon rabbits with cobalt- 
induced polycythemia (fig. 3 ) would appear to show that this drug stimu- 
lates eiythropoiesis b3^ a different mechanism than the metal. A theoiy on 
the mechanism of cobalt polycythemia has pre\dousl3’- been advanced by 
the author ( 4 ) Avho found that it differed from the polycythemia induced by 
exposure to low atmospheric pressure, in certain respects. The cobalt 
pol3"cythemias in rabbits (fig. 3 ) which represent increases of approximatel3’- 
50 per cent over the normal erythrocyte numbers, are incidentall3’- greater 
in extent than an3" winch Ave have found reported for this species in the 
literature. 

As to the mechanism b3'^ which ephedrine stimulates bone marrow, the 
most plausible explanation seems to reside in a reduction of blood flow 
to this tissue tln-ough vasoconstriction, with a consequent diminution of 
its oxygen supply. We have previousl3’' shown ( 1 ) that choline and its 
derivatives may haA'^e the opposite effect, i.e., the3'^ depress excess eiythro- 
poiesis in pol3^cythemic dogs, probabl3’’ by improving the blood supply to 
bone maiTOAA', since their action is blocked b 3 '’ atropine. 

Local h3qDOxia of bone marrOAA' as the stimulus to pol3'C3dhemia by 
ephedrine seems plausible from the standpoint of the time required to induce 
the full rise in the ei'3'4hroc3'’te number, Asdiich agrees generall3’’ AAoth the 
time required to induce pol3^C3dhemia in dogs by exposure to Ioav atmos- 
pheric pressure (5). It ma3' be assumed, perhaps, that the resultant 
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immediate stimulus to pol3'’cytliemia is the same in either case (i.e.) h3^poxia 
of marrow. 

According to Warren ( 6 ) bone marrow metabolism is not under nervous 
control in rabbits exposed to low atmospheric pressure. We ma3' assume 
that ephedrine does not act through the nervous S3’'stem, but rather cUrectl3'' 
on marrow arterioles. 

The mechanism of the production of pol3’-c3’'themia b3^ benzedrine (am- 
phetamine) in dogs is probably the same as that of ephedrine, since the 
responses of the red cell counts are the same for each drug. 

SUMJkLARY AND CONCLUSIONS 

The dail3’' oral administration of ephedrine sulfate to 4 normal dogs, in 
doses ranging from 2.5 to 5 mgm. per kilogram, caused significant increases 
in the basal eiythroc3’^te numbers of all of the animals within 10 to 15 da3's. 
The red ceU counts and hemoglobin percentages remained elevated thi'ough- 
out the period of ephedrine feeding (3 to 7 weeks, or more) and returned to 
their normal values witliin 7 to 10 da3'’s after cessation of drug administra- 
tion. Total leukoc3'te counts remained fairl3’^ constant. 

Two normal and two splenectomized rabbits which received 45 mgm. of 
ephedrine sulfate dail3’- b3’' subcutaneous injection, developed pol3'’cytlieraia 
with reticulocytosis, within two weeks. 

The dail3’’ injection of ephedrine into 3 rabbits which had a marked 
cobalt-induced polyc3dhemia, produced further appreciable increases in 
their erythrocyte numbers. 

A significant pol3'^C3’’themia was produced in one human subject in 2 
weeks b3' the dail3'’ ingestion of 50 mgm. of ephedrine sulfate. The total 
leukoc3"te count did not increase, or change significantly. 

The oral administration of 10 mgm. of amphetamine sulfate daib*^ to one 
splenectomized and 3 normal dogs caused significant increases in their basal 
red cell counts and hemoglobin percentages within 12 da3^s. 

These results can be explained b3^ assuming that ejihedrine and amphe- 
tamine reduce the blood flow to bone marrow, thus diminishing its ox3'gcn 
supph', and therelyy stimulating eiythropoiesis. 

Acknoiolcdgvxeni. The .author wishes to express his appreciation to Prof. 
H. B. Pierce for valuable suggestions made in connection with this work, 
and to jMcssr.s. Dean Wheeler and John Pr3'b3do for technical assistance. 
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The changes in both the serum electrolyte pattern and also in the elec- 
trolyte balance associated wth adrenal insufficiency, either untreated or 
treated in a variety of ways, have been the subject of intensive study by 
many investigators. Also certain phases of carbohydrate metabolism have 
been shotvn to be under the direct hormonal regulation of the adrenal 
corte.x (1, 2). Appreciating the definite but poorly understood correlation 
between normal carbohydrate metabolism and changes in the concentra- 
tion of certain serum electrolytes the authors felt that much might be 
learned concerning the fundamental nature of adrenal insufficiency and 
perhaps also of normal carboh 3 ^drate metabolism by the analysis of the 
tissues themselves (muscle and liver) for electrolytes as well as for the 
intermediary products in the metabolism of carbohj'^drates. To this end 
they collected the skeletal muscles and livers of the same rats whose carbo- 
hj'-drate metabolism was reported upon in 1936 and analyzed these tissues 
for the four common cations of Ioioato physiological importance, namely, 
sodium, potassium, calcium and magnesium. Such significant changes in 
the cation contents of the muscles (but not in the livers) were found that 
the authors were unwilling to report the results at that time (1937) mthout 
further amplification. 

In the meantime, tissue anal^'^ses for electrolytes have been reported 
by other Avorkers. Harrison and Darrow (3) found, as had we, that there 
were greatly increased amounts of potassium and somewhat deci’eased 
amounts of sodium in the skeletal muscles of rats in adrenal insufficiency. 

Experimental. In the experiments to be reported in detail the pro- 
cedure was as follows: Male albino rats of the Sprague Dawley strain were 
kept for two weeks or more under laboratory conditions on a diet consisting 
of Purina Dog Chow^, on Avhich they grew rapidly. The animals were 

1 This stuW was aided by a grant to Dr. George W. Thorn from the Committee on 
Research in Endocrinologj’^, National Research Council. 

= The cation content of this food was reported by Dr. H. J. Smith to be: Mg 0.09 
per cent, K 0.56 per cent, Na 0.67 per cent and Ca 1.5 per cent. 
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young, but were permitted to grow to a Aveight of 250 to 300 grams in order 
that there might be enough muscle available to permit the analysis for 
the four cations in the muscles from the same animal. Bilateral adrenal- 
ectomy was performed under nembutal anesthesia b}' the lumbar routed 
In one gi'oup of animals a pellet weighing SO mgm. of pure synthetic 
desoxy corticosterone acetate'’ was inserted subcutaneously at the time of 
operation. During the period of recoveiy from the operation all of the 
rats were given 0.9 per cent sodium chloride solution to drink instead of 
Avater. Tap AA'ater AA’as then substituted for saline in those animals in 
AA’hich adrenal insufficiency A\'as alloAA’ed to deAmlop. After a period of 
seAmn da3^s AA-ithout specific therapy the animals AA'ere sacrificed AAuthout a 
period of fasting regardless of the degree of insufficiencj'' AA'Iiich had de- 
veloped. In no instance Avas the animal moribund. Each animal Avas 
subjected to the same routine. Sodium nembutal AA'as injected intra- 
peritoneallAX IlOien anesthesia Avas complete, the heart AA'as exposed and 
blood AA'as AA'ithdraAATi under oil into a s3Tinge“. The animal AA'as then 
skinned and the skeletal muscle AA-as dissected from the bones, care being 
taken that corresponding muscles AA'ere used in all cases. The finclj’^ cut-up 
muscle AAms introduced into a tared flask, ashing and analysis being carried 
out as described in a prcAdous paper (4). In these experiments, calcium 
was precipitated as oxalate at pH 4.2 in a centi-ifugc tube. The super- 
natant fluid and Avashings were collected in a 100 ml. Amlunietric flask, 
made up to A'olume, and appropriate aliquots taken for the determination 
of magnesium b}’’ the estimation of the phosphorus in precipitated mag- 
nesium ammonium phosphate. Duplicate determinations AA'ere run of 
pota.ssium and magnesium, but not of sodium and calcium. 

Since potas.sium AA'as found to be the cation AA'hich shoAA'cd the largc.st 
quantitath'e Amriations in the muscles of the different groups of animals 
the results haA'e been reported in a series of charts designed to illustrate 
the simultaneous A'ariations bctAA'ecn potassium and each of the other 
cations in indiAudual animals. A summai'A' of the detailed data, presented 
graphicalh' in the charts, has been recorded in table 1 as aA'CJ'age figures 
for the indicated number of animals. The points illustrated ly the charts 
and table aa'III be discussed in detail. 

Discussion. Varialions in (he normal values of vjusclc 'polnssivm. One 
unexpected feature of thc.se rc.sults AA-as the great A'ariabilitA' of the A'alues 
for muscle pota.«ium in all of the groups studied including the group of 
normal animals'’. If the A-alues plotted on the abscissa in figure 1 arc 

' Tiif' iml'-LtciJ to Dr, I.<‘\vi.s .aufl to Dr. George; Koepf for iik- 

with the .Tficl earn of Iho ,'initnals. 

* I’hc 'yjitht-tir dr<;i>\yrorf icostorono arctnto usetl in fliis study w.'i« kindly ;>np- 
t^y Dr. lirn.'-t Oppruhe-irnf r of the f'ib.a T'lmrmat'cntifal Products, Inc, 

' Tin; i;!of.d from anirn.nis .eiinilurly tro.'itcd i)oo!r-<i, 

* 'riiis foiint V. rndd tiavf fc-i'n <-o.*nph't<dy hati pnoU'd sper’inn.-ns b' fn 
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disregarded for the moment, the values for potassium may be read on the 
ordinate. Because of the large range in potassium values a suitable scale 
w as necessaril}’’ chosen to permit the presentation of all of the points ob- 
tained. In figure 2 the same data have been plotted vdth the omission of 
the points representing the animals in adrenal insufficiency. Here the 
scale representing potassimn values permits a ready demonstration of the 
range of variations found among the normal animals (open triangle). 

According to the Conway-Bo 3 de theory (5), the muscle cell is normally 
freely permeable to the potassium ion. Also the concentration of cellular 


TABLE 1 

Summary of analysis of skeletal muscles of rats 


NUMBER 

or 

ANIMALS 

CONDITION 

SPECIFIC 

MOIST 
SKELETAL , 
MUSCLE 

(grams per 
cent) 

1 

DRY, FAT-FREE MUSCLE 
(meq. per 100 grams) 



SERUM 


1 OF ANIMALS 

THERAPT 

Moisture 

Lipid 

Na 

K 



Total base 

Nn per liter 

K per liter 

Ca per liter 

Cl per liter 

o 

a • 

PlS 

!z: 






1 

i 


■ 


1 Wicg. , 

meq. 

meq. 

meq. 

mgm. 

n 

Normal 

None 

75.0 

1.7 

10.0 

32.0 

1.4 


51.7 

144.2' 

6.6 

5.5 

98.4 

34 

4 

1 

Normal 

Desoxycor- 

ticos- 

tcrone 

acetate 

pellets 

74.3 

2.3 

14.1 

30.2 

1.1 

7.8 

53.2 

142.7! 

6.2 

5.3 

88.4 

i 

34 

11 

Adrcnalec- 

toraizcd 

compen- 

sated 

Sodium 

chloride 

75.2 

1.9 

9.5 

36.1 

1.2 

7.1 

53.9 

i 143.4 

1 

! 

7.0 

5.2 

107.3 

48 

s 

Adrenaleo- 

tomized 

compen- 

sated 

Desoxy cor- 
ticos- 
terone 
acetate 
pellets 

75.8 

1.3 

15.6 

29.9 

1.4 

6.8 

53.7 

141.4 

7.8 

4.3 

93.4 

36 

11 

Adrenalcc- 
tomized. 
In insuf- 
ficiency 

None 

70.0 

1.1 

8.9 

118.1 

1 

1.4 

5.9 

134.3 

j 

133.7 

8.5 

5.8 

94.0 

46 


potassium would be expected to vary in different phases of carbohydrate 
metabolism since “the impermeable non-colloidal anions are mostly phos- 
phorylated compounds important for the carbohydrate cycle. If such 
compounds decrease in concentration during rapid carbohydrate oxidation, 
potassium should leave the cell, and when reformed the reverse should 
occur.” It seems reasonable to expect, therefore, that there should be 
large variations in the muscle potassium of normal unfasted animals in 
different phases of carbohydrate metabolism. The data suggest that in 
normal animals the muscle potassium falls into two categories; 1, a con- 
stant minimum quantity (about 26 meq. per 100 grams of dry fat-free 
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muscle), and 2, a variable quantity (which in these experiments was rep- 
resented by increments amounting sometimes to as much as 20 meq.). 
The foimer may represent the potassium which is held vitliiu the cells in 
the basal condition (i.e., “basal potassium”), the latter may represent that 
wliich enters the cells to meet the changing temporarj'- demands of carbo- 
hydrate metabolism (i.e., “metabolic potassium”). 



1' jg. 1. Gross relationship between potassium and magnesium in tnc \\ noit sKtitiai 
tmisclcs of .ill of the animnls studied, values being reported asmilliequivalcnts of cat- 
ion per 100 grams of dry fat-free muscle. The hormone used was crystalline .syn- 
thetic desoxycorticostcronc acetate. 

I’ig. 2, Detailed relationship between potassium and magnesium in the wliole 
.ckclet;ii muscles of all of the animals which were “compensated," vuluc.s being 
reported as millic(}uivalents of cation j»er 100 grams of dry fat-free muscle. T lie 
hormone us-cd wuh crystalline .sj'nthetic de.soxycorticosterone acetate. 


1 Vir/aft'oti.s in the inusdc 'polasshnn of animals in adrenal 'insnfTiclency. 
Al.-o, iimong fho adreiinlccfomizcd animals which were given no specific 
ifierapy (fig. 1) the incrca.ses in rnu.scle pota.s.sium were much greater in 
certain inHl.nncc.s than were tho.se found in our previous e.Kperiments with 
the four-hour fa.stod rat.s in extremis, or fho.se reported by Harri.son and 
Darrow. 'i'he animals witli the highest rnu.scle pota.ssimn vnlue.s were net 
ttlunys v.hicli were sufTering from tlio mo.st .sevftre degree of in.siith- 
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ciency as judged by the weight loss. The suggestion is offered that the 
high muscle potassium might have been the result of the fact that these 
animals were still eating and therefore were still attempting to metabolize 
exogenous carbohydrate with the concomitant accumulation in the muscle 
cells of large quantities of impermeable anions which held potassium im- 
prisoned Muth them, as a secondaiy effect. This concept is consistent Math 
the experimental results of Buell, Strauss and Andrus (1) who demon- 
strated an accumulation of hexose monophosphate in the autol 3 ^zing 
muscle brei of cats in the final stages of adrenal insufficiency. It is a well 
knoMm fact that animals in severe adi’enal insufficiency do not eat volun- 
taril}'-. It seems possible that inanition may be one means available to 
the animal of preventing further aggravation of a mounting chemical ab- 
normality in its tissues. It is unfortunate that the quantities of blood 
available Avere insufficient for the deteimination of all of the cations in 
the serum of each animal. Although the potassium content of the pooled 
sera was increased above the normal value it gave no hint of the spec- 
tacular rise in muscle potassium in animals in adrenal insufficiency. With- 
out tissue analyses tliis point would have been completely overlooked. 

Variations in total base. Another feature of the results was the con- 
stancy of the average value calculated for the total base in the muscle in 
all of the groups studied except the group of animals in adrenal insuffi- 
ciency (table 1). The constancy of this figure is more apparent than real, 
however, for there were significant variations among individual animals 
in the same group. For example, the maximum and minimum values in 
a group of eight normals were 59 and 45 meq., respectively. Variations 
among individual animals in the other groups were similar. It is recog- 
nized that the apparent variations maj’" be greater than, or less than, the 
actual variations, due to the cumulative or compensatory experimental 
errors involved in the four separate determinations. Nevertheless, va- 
riations within certain limits might be expected on the basis of the changing 
magnitude of the "metabolic potassium” and the limitations of the mecha- 
nisms, which were available for the simultaneous adjustment of the other 
cations. It was only when the total base rose above the value of 62 meq. 
per 100 grams of dry fat-free muscle that the effects of adrenalectomy 
were uncompensated and there was serious adrenal insufficiency’’. It ap- 
pears that it is a matter of vital importance to the animal to maintain in 
the skeletal muscle the total base concentration within rather narrow’ and 
W’ell-defined limits. With appropriate dosage of sodium chloride or of 
desoxy’corticosterone acetate the effects of adrenalectomy’ are compensated 
to a degi-ee wiiich is compatible with life, and it is only in an emergency 
such as a prolonged fast, vigorous exercise or an infection that such meta- 
bolic defects as low* liver gly’cogeu, hy’poglycemia, and certain altered cation 
relationships become limiting factors in the animal s .suiwival. In the 
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absence of specific therapj’- the potassium content of the muscle soon 
mounts, and udien it reaches a value of 50 meq. per 100 grams of dr}-, 
fat-free muscle, effective compensation ceases abruptly. 

Relationship of potassium to magnesium. It was reported by Harrison 
and DaiTow (3) that the increase of potassium vithin the cell in the muscles 
of rats vath adrenal insufficienc}' “is not associated vith any change in 
the concentration of magnesium Avhich is the other base found within the 
cells in considerable amounts”. Figures 1 and 2 illustrate our experience 
in this connection. Fortunate^, for the sake of simplicity of interpreta- 
tion, both potassium and magnesium are predominantly cellular elements. 
It vill be seen in figure 1 that the points tend to cluster along two distinct 
and unrelated curves, the lower curve being fairly well defined, the upper 
curve less well defined. The points falling on the lower cur\'e all rep- 
resent potassium values less than 50 meq. per 100 grams of dry, fat-free 
muscle and include all of the animals in all of the groups studied, except 
the group of animals in adrenal insufficienc 3 ^". That is to say, u'hen the 
adrenal insufficiency was “compensated” b}’’ one means or another, the 
potassium content of the muscle remained below the critical level of 50 
meq. and there was an orderlj'- relationship between potassium and mag- 
nesium. When the insufficiency was uncompensated, however, the po- 
tassium content of the muscle rose. Suddenty, at a value of 50 meq. of 
potassium, as though there might have been a break in cell membranes 
due to pressure, there was a break in the linear relationship between po- 
tassium and magnesium. 

The linear relationship between potassium and magnesium in the com- 
pensated animals is seen, in figure 2, to be such that for an increase of 10 
meq. of potas.sium there was, on an average, a decrease of 3.5 meq. of mag- 
nesium, regardless of the method bj”^ which compensation was attained. 
It transpires that this mechanism of partial (about one-third) compensation 
of the effects of increases in the “metabolic potassium” b^' decrease in 
magne-sium is quantitativcK' the principal adjustment made dircctl.y among 
the cations b.y mean.s of which the total base is kept within the limits 
found normall.v. 

Relationship of potassium to sodiu7n. Figure 3 illustrato.s the fact that 
the points representing polassinm-.sodium relationships also fall into two 
categories, separated Ijj' a line representing a potas.sium value of 50 meq.- 
I, th{‘ uncompensated condition in wliich the pota.ssium was liigh and the 
relatioiwliij) between the cations was irregular, and 2, the coinpenHated 
condition in which tiie relalioiuship between these cations maj' he seen m 


' It v.il! he thrtf one point n‘prf*?fnling an .‘uiiinnl in tliis grtnij* foil <>ii 
luv.'i-r curve. In tlii.t. one e,'jc<- the j)ot:isriuni enntf'nt of the iiiwMcle liajijn.uied to t"' 
tn hiw *!i'- erlsical ievi 1, and the adretial iti.vuiiicit tiey v.-ji;! (•o:nj)eti.":itcd. at lee.'st for 

; !i>- niiiu-.'Os? . 
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more detail in figure 4. Xonnalli' muscle potassium is predominantly a 
cellular element, the quantity of which appears to vary considerably in 
contrast to muscle sodium which is predominantl 3 ’’ an extracellular element, 
the quantity of which appears to remain fairly constant®. It is seen that 
in figure 4 all of the points fall on or near one of the two curves; a, the 
vertical line representing the normal untreated animals, in which the po- 



tassium appeared to vary independently of the sodium, and h, the sloping 
line in which the potassium and sodium appeared to vary together in 
nearly equivalent quantities, above a certain mimmum level. In group 
a arc found the normal untreated animals, the adrenalectomized animals 

• Iloniid (0) l.oivovor, found tlmt, if rots ivoro deprived of potessiuei the Bodium 
eontent of II, e muscles ives incroesod tivo-fold and that most of the sodium m such 
muscle was intracclUihir. 
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which were given sodium chloride, and also two teniporarilj^ compensated 
adi-enalectomized animals to which no therapy was given. In these fifteen 
am'mals the sodium values varied onty loetween 8.1 and 10.5 meq. 

In group b are found the animals, both normal and adrenalectomized, 
which were treated vith desoxji'corticosterone acetate. The sodium and 
potassium values of these animals should be considered 1, in comparison 
with the corresponding values of the same types of animals which had not 
been treated vith the hormone, and 2, in their relationship to each other. 
First, in the normal animals, treated vdth hormone, the values for muscle 
sodium were definitely increased bejmnd the limit of experimental error 
and probably beyond an increase in sodium which might have resulted 
from an increase in the -^mlume of extracellular fluid. There can be little 
doubt that some sodium ions, in excess of the normal amount, have entered 
the cells. It will be seen that tliis effect is qualitatively the same but 
quantitatively greater in the muscles of the adrenalectomized animals, 
each given one pellet of the hormone. Larger doses or the same dose 
over a longer period of time might well have resulted in an even more 
exaggerated effect® > 

The effect of desoxycorticostcrone acetate on muscle potassium in normal 
animals was equivocal, probabty onty because it was small; in adrenalec- 
tomized animals the effect was dramatic. The average values for muscle 
potassium for the normal untreated animals was 32 meq. (maximum 42, 
minimum 26), for the normal treated animals was 30 meq. (maximum 32, 
minimum 28) ; for the adrenalectomized untreated animals 118 meq. (maxi- 
mum 270, minimum 50); for adrenalectomized treated animals 30 meq. 
(maximum 34, minimum 20). There seems to be no room for doubt that 
the net effect of the treatment with desoxycorticostcrone acetate in the 
adrenalectomized animals has been 1, the entrance of sodium ions into tlic 
muscle cells, and 2, the exit of potassium ions from the muscle cells. 

As to the relationship between the sodium and potaasium ions in the 
muscles of all of the animals which were treated with desoxycorticosleronc 
acetate, figure 4 suggests several interesting points. The sloping line, 
rcpre.senting this relationship, bisects the vertical line, representing the 
same relationship in normal muscles, at a point which coincides with the 
lowest olxscrvcd value for potassium in normal muscle, which as explained 

’ llocenlly Miller and Varniw (7) reported deerense^ in muKcda potnt^muin iii^d 
!n<Te;»sf.s in mnsrle sodium when normal rats were injected .subcutaneously witli 
dc^oxycorf ico.stcrone .ncet.af e. 

The pellets remained in fitu for too short a time to permit an accurate do- 
termitiatifui f)f the d.aily dose absorbed by each animal by rewt'ighing the jxdlefs after 
th‘ ir rornovid. By com{).iri.son with re.milfs obtained in thi.s laboratory (8) with flog-* 
aiid p.-sTii'nls, it may b'* assumed that approximately 0.8 nigtn. of the hormone 
itbiorbc'l daily by each rat. This r.lo*!e is equivalent to about Oft mgm. inject^’d 
in oil. 



CATION DISTRIBOTION IN MUSCLE AFTER ADRENALECTOjnr 233 


above, has been regarded as a basal value. Furthermore, at least in the 
few experiments at hand, the sum of the sodium and potassium values seen 
on the slopmg hne is in no instance greater than the largest value for 
‘'metabolic potassium” in the normal animals. Also, the slope of this line 
indicates that for values above the basal condition approximately equiva- 
lent amounts of sodium and potassium are involved. 



Fig. 0 6 

Fig 5 Gross relationship between potassium and calcium in the whole skeletal 
muscles of all of the animals studied, values being reported as milhequivalen s of 
eation per 100 grams of dry fat-free muscle. The hormone used was ci 3 stallinc 

sjmthetic desoxjmorticosterone acetate. , , • • i d-nlnfol 

Fie 6 Dctniled relationship bnUvccn polass.nm and calcmm n. the whole Bkclctal 
muBcfes or the adrenaioetomized animals whieh had been treated w.th desoaycort.eos- 

terone acetate. 


Bdationship of potassium to calcium. In our earlier work (1936) a higher 
calcium content was found in the pooled muscles from several four-hour 
fasted rats ivliieh tvere in the final stages of adrenal msufficieney than in 
the pooled muscles from noi-mal animals. More recently, when the miK- 
cles of indmdual unfasted animals in a mUder deFce of adrenal insuffi- 
ciency were analyzed, as is shown in fi^re 8, higli calcium values were 
observed occasionally but there was no demorotrable correlation with the 
high potassium values. Even when the insufficiency was controlled, l.e., 
when the potassium value was below 60 meq., the calcium appeared to 
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vaty almost independently of the potassium. Failure to demonstrate a 
clean-cut correlation was to be expected, however, because the total quau- 
tity of calcium present in muscle was so small as to make its precise de- 
termination difficult and the maximum variation among all of the animals 
studied in this series was less than 1 meq. of calcium per 100 grams of 
dry, fat-free muscle. The picture is further complicated by the fact that 
as much as one-fourth of the total calcium in normal muscle is extra- 
cellular, a distribution which might mask trends which would otherwise 
be apparent. Only in the muscles of the adrenalectomized animals re- 
ceiving desoxjmorticosterone acetate but not in the muscles of normal ani- 
mals, similarly treated, was there a suggested linear correlation between 
the potassium and calcium values (fig. 6). If future work proves this 
correlation to be real, it may possibly be more easily demonstrable in the 
adrenalectomized animals than in the normal, both receiving the hormone, 
because of the greater permeability of the cell membranes to calcium (and 
sodium) in the former and also to the smaller amounts of calcium in the 
serum and extracellular fluid of the former. In any event, for a rise of 
10 meq, of potassium above the basal level, there was an apparent cor- 
responding rise of about 0.6 meq. of calcium. The magnitude of the 
changes in calcium are such as to rule out the importance of these changes 
quantitatively in the maintenance of the normal value for total base. 

General considerations. These experimerits suggest new points of view 
on the puzzling and conflicting data in the literature concerning the part 
played b}' potassium not only in adrenal insufficicnc}’’ but also in normal 
carbohydrate metabolism. A brief statement of the pertinent facts and 
theories which are based on good experimental evidence, is jjresented. 

Whene%"er dehydration occurs, potassium tends to rise in the serum due 
to the inability of the kidney to excrete it. The total quantity of sodium 
available to the animal is an impoi’tant factor in determining the degree 
of hj'dration and obviously will be influenced by a, the intake of sodium; 
b, the loss due to excretion by the kidney; c, the loss due to increased 
excretion by the intestine, (as in obstruction, diarrhea, etc.); d, the loss 
due directly to hemorrhage or indireclly to withdrawal of fluid.s into the 
tissues (as in .shock, edema, etc.); e, the loss into the ascitic fluid after the 
experimental injection of gluco.se into the peritoneum. In all these c.asc.s 
whore a decrea.se occur.s in the total sodium content of the circulating 
fluids, an increase in the .senun potas.sium may be expected aiul Ini.s boon 
oli.-erved. 

In normal carbohydrate metabolism scrum potassium and .sugar a])pcar 
to rise and fall together, probably because potas.sium hexo.^'e phosphate 
is formed in the muscle cell.s. The amount.s of hoxo.se jdiosphate have 
iK-eri .^hown experimentally to be increased as. the result of treatment with 
eillier ins\din or epinephrin (9). On thi.s lino of reasoning, a low 
pot-'i.-sium would be expected (and ha.*^ been ob.servcd) at aj)propriatc time 
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intervals after the administration of either insuhn or epinephrin. Lactic 
acid is formed as the end product of anaerobic metabolism and carbon 
dioxide and water as the end products of aerobic metabolism. These 
products escape from the cells, releasing potassium ivith them, and the 
potassium content of the serum is increased. This, in our opinion, may 
be one factor (together vith potassium shifts resulting from anoxemia) 
which explains the high potassium content of the serum after exercise. 
Since the normal muscle cells contain all four cations, at least certain 
parts of the cell must have a degree of permeability to all four of them. 
There is little known definitely about the distribution of the cations in the 
cell compartments. 

With this background, points suggested by these experiments may be 
discussed; 

The muscle cells must be considered as an effective temporar}’- reservoir 
for storing potassium and removing it from the serum, because of the 
large values found for the ‘'metabolic potassium” and the large mass of 
muscle tissue in the animal. The total base of the muscle cells is kept 
within narrow'er hmits than -would otherwise be possible by a simultaneous 
though not equivalent shift of magnesium out of the muscle cells. It 
does not appear from the experimental evidence whether the extraordinary 
increase in muscle potassium in adrenal insufEciencj’- is a primaiy effect, 
resulting from a lack of the adrenal cortex, or a secondary effect due to 
the retention of potassium ions in the cell to neutralize electricall}'- some 
anions w^hich maj'- be accumulating in the cells in abnormal amounts. 
The latter possibility is consistent with the observations of Buell, Strauss 
and Andrus (1) wLo found in the muscle brei of adrenalectomized cats 
in extremis the formation of smaller than normal amounts of lactate (a per- 
meable ion) and larger than normal amounts of hexose phosphate (an 
impermeable ion). These departures from the normal course of carbo- 
hydrate metabolism might be expected to be of greater magnitude in whole 
muscle or in muscle preparations in wLich the cell structure w^as main- 
tained intact than in muscle brei. Interpreted in the light of the theory 
of Conway and Boyle (5), these facts suggest, but do not prove, that the 
rise in muscle potassium in adrenal insufficiency is an effect secondarjr to 
an error in the anaerobic phase of carbohydrate metabolism. If this is 
true the beneficial effect in the muscle of potent extracts of the whole 
adrenal cortex w^ould be due to a correction of the abnormalities in the 
production of lactate. This hypothesis affords an explanation for the ob- 
seiwations described by Kendall et al. (10) as follows: “The results of the 
injections of glucose . . . indicate that in the absence of cortin or adequate 
amounts of sodium and chloride the experimental animal becomes highly 
sensitive to potassium. It therefore seems probable that cortin modifies 
the rate of some chemical change which involves potassimn”. 

Since the effect of desoxycorticosterone acetate on carbohydrate me- 
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tabolisra is reported to be slight (11) its beneficial effect in compensating 
for the insufficiencj’’ following renaoval of the adrenal glands maj'- be in- 
terpreted as being due to an alleadation of certain effects, rather than the 
cause, of the insuificiency. On the assumption that the effect of this 
homione in the muscle is' to increase the permeability of the cell membrane 
(the size of the pores, according to Conway and Bo 3 fie) the hexose phos- 
phate anions Avhich fomierty accumulated in the cells and retained po- 
tassium ions ■with them might now escape and liberate the potassium 
cations with which thej’’ Avere associated. As a corollaiy the sodium ions 
(wliich are larger than potassium ions) would now be expected both to 
enter and to lea^m the cell indiscriminatelj’’ Avith the potassium ions as 
demanded bj'' the needs for “metabolic potassium”, the laAA^s of electrical 
neutrality, etc. (fig. 4). In this aa^}’- not onlj’- AA^ould the tendency toAA'ard 
Itypertonicity of the muscle cells in adrenal insufficienc}" be relieA'ed thus 
aiding normal hj’^dration of the tissues, but the muscle cells Avould be freed 
from the pharmacological effects of liigh concentrations of potassium ions. 
(Thej'^ AAmuld, hoAVCAmr, be submitted to larger quantities of sodium ions, 
and the potassium to sodium ratio AA’ould be loAA^ered.) The potassium 
AA’hich was released from the muscle cells aauuM temporaril}’’ increase the 
potassium content of the serum, but AA’OuId readilj’’ be excreted in the 
urine, giAung the AA'ell knoAAm potassium diuresis Avhich occurs early in 
association AAdth the treatment A\fith desoxjmorticosterone acetate (12). 
There haAm been reports in the literature (13) of periodic AA'ealcness pro- 
duced in dogs by long continued oAmrdosage Avith desoxjmorticosteronc, 
Avhich Avas characteiized b}'- Ioaa*^ serum potassium Amlues and aars allcAuated 
b3’' potassium salts and also (14) of transient paral3^sis and muscular Aveak- 
ne.ss in a patient suffering from Addison’s disease, treated daily Avith 25 
mgm. of the hormone, folloAAdng intraAmnous injections of sodium chloride 
and dextrose solutions before and after a nephrectom 3 L The ratio of po- 
tassium to sodium in the muscles, therefore, appears to Ije a matter not 
onl 3 ' of p]i 3 Asiological interest but also of clinical importance. 

The mode of action of sodium chloride in compensating for the specific 
effects of adrenal insufficiencA- in the muscle is not clear. Its mode of 
action on the kidne 3 ’ seems to be simple enough ; b 3 ' making good tlie loss 
of sodium and chloride it prcA'cnts the depletion of these elements in the 
plasma, and thus faA'ors normal lydration, normal kidnc3’' function and 
normal senim potassium IcA-els. Hoav it attains the rc.sult of keeping the 
muscle cell potassium Avithin normal limits is not rcA’calcd in' these ex- 
periments. There is no CA'idcncc here of increased permeability of the 
cell rnernbrane.s; in fact, there appears to be less .sodium rather than nuHC, 
inside the muscle cells. The fact remains hoAvevor, that treatment. Avith 
.«odimn chloride has in .some AvaA* preA'cnted the increase in muscle po- 
tassium Avhich would ha\-c occurml in its absence. 
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The immediate causes of the low blood sugar in adrenal insufficiencj'' 
are to be souglit a, in the lii^er, wlicre there is an impaired abilit}'" to S 3 '’n- 
thesize gtycogcn cither from d. lactic acid (2) or from certain metabolicall}- 
equivalent compounds, sucli as pj-ruvic (11) acid which may be secondarily 
formed from other metabolites arising from protein catabolism, and b, in 
the muscles where there is an impaired ability to form lactic acid (1). 
A vicious cycle is instituted with respect to the carbohydrate cycle. The 
injection of intravenous glucose into an animal in acute adrenal insuffi- 
cienci' might benefit the condition not onty b}" relieving the hypoglycemia 
directty but also b^* providing a source for the s^mthesis of liver gtycogen 
(15). Unless some provision were also made for relieving the accumulation 
of potassium salts alreadj' present in the muscle (such as intravenous 
salt, cortical extract, etc.) this added glucose would take potassium mth 
it into the muscle cells and furtlier aggravate a situation which was al- 
readj’’ bad. These facts explain the common observation of the effect of 
intravenous glucose in the treatment of patients suffering from Addison’s 
disease, of a temporar}- relief of the sj’^mptoms, followed shortb’- bj'- the 
precipitation of a crisis. 

Potassium accumulates in the serum because of a, failure on the part 
of the kidney to excrete it readih- because of the dehydration; b, failure 
on the part of the liver to deposit it, as is usually done at least in small 
quantities, when glycogen is sjmthesized (16), and c, failure on the part 
of the muscles to take up additional quantities of potassium ions readily 
against the liigh gradient of potassium ions already present m the muscle 
cells. All of these factors act together to institute a vicious cycle with 
respect to potassium. The result is that in adrenal insufliciency the blood 
sugar remains low and the jilasma potassium remains high in contrast to 
the normal condition, where thej' vary together. 

These considerations explain why potassium is abnormally to.xic in ad- 
renal insufficiencjL 

It becomes apparent that it is difficult, if not impossible, to dissociate 
completelv the errors in carboh^’^drate metabolism in adrenal insufficiencj’’ 
from those in electrol 3 ''te balance since normal carboh 3 ’'drate metabolism 
is intimatel 3 ^ associated with changes in the distribution of certain electio- 
lytes. When adrenalectomized animals are “kept in good condition” by 
one means or another, in order better to stud 3 '’ the eiioi.s inheient in ad- 
renal insufficiency per se unknown factors ma3'' unv ittingb'’ be introduced 
which ma 3 '’ alter the problem and may thus confuse the issue instead of 
clarifying it. 

SUMMARY AND CONCLUSIONS 

1. The skeletal muscles of indmdual unfasted male rats have been 
analyzed for moisture, lipid, sodium, potassium, calcium and magnesium. 
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The animals were studied in the following conditions: 1, normal with no 
therap 3 ’’: 2, normal treated with desoxjmorticosterone acetate; 3, adrenal- 
ectomized treated with sodium chloride; 4, adrenalectomized treated with 
desoxjmorticosterone acetate, and 5, untreated adrenalectomized in vary- 
ing degrees of insufficienc 3 L Pooled sera from individual animals in each 
of these groups were anah'zed for sodium, potassium, calcium, chloride 
and non-protein-nitrogen. 

2. The potassium content of the muscles of normal unfasted animals 
varied Avidel 3 ^, probabl 3 " in relation to the demands of carboln-drate me- 
tabolism. The potassium content of the muscles of animals in adrenal 
insufficicnc 3 '’ Avas very high and vciy variable. This point has been dis- 
cussed. 

3. The average total base of the muscles of all of the groups was rc- 
markabh'^ constant regardless of the method b 3 '^ means of which compen- 
sation Avas attained, AAith the exception of the group in adrenal insuffi- 
cienc 3 L There Avas considerable ALariation in total base among indiAudual 
animals in the same group. 

4. The relationships betAveen muscle potassium and the other cations 
haA'e been described. BgIoav the critical potassium leA'el there Avas an 
orderh’’ relationship bet\A'een potassium and the other ions. Above (his 
level, i.c., in adrenal insufficienc 3 ', this relationship Avas abruptl 3 ’’ changed. 

5. BeloAV the critical potassium IcAml, for cveiy 10 meq. of potassium 
gained b3’’ the muscle, on the average, 3.5 meq. of magnesium Avere lost. 

6. Dcsox3’’corticosterone acetate, AA’hen administered under the condi- 
tions described, caused the entrance of .small quantities of sodium into the 
muscle cells of normal animals and of larger quantities of sodium (and 
perhaps of a little calcium) into the muscle cells of the adrenalectomized 
animals. This hormone prCA^entcd the rise in muscle potassium AA'hich 
Avould liaAm occurred in the adrenalectomized animals in ils al^scnce. 
A po.ssible mechanism for this effect is discussed. 

7. Sodium chloride likcAA'isc prcA'cnted the rise in muscle potassium 
Avhich Avould ha\’c occurred in its absence in the adrenalectomized animals. 
There Avas no CA'idence of inere.ased peimeabili( 3 ’’ of the mtiscle cells m 
(iiis group of animals. 

S. The probable importance of the ratio of j)ota.ssium to sodium in the 
muscle cell has been pointed out. 

9. The correlation of the.^e ncAv obserA'ations in the interpretation of 
old problems associated Avith both adrenal insufhciencA' and c;irbohydratc 
metaboli-sm has been di.«cus.scd. 
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The normal Avater exchange of most laboratory mammals depends upon 
the presence of the pars nervosa of the pituitary. Transection of the 
pituitary stalk or destruction of the supra-optic nuclei in the hypothalamus 
results in atrophy of the pars nervosa and an increase in Avater exchange; 
administration of extracts of the pars nervosa aauU then reduce the AA'ater 
exchange to its normal level, YTiile these facts haA'^e often been demon- 
strated, the role of the pars nei’Amsa in the regulation of AA'ater exchange in 
the intact animal is onlj' A’^aguely defined. 

Gilman and Goodman (1) discoA'ered an antidiuretic material in the 
urine of nonnal dehydrated rats. They concluded that this substance Avas 
of pituitarj’’ origin since it Avas not found in the urine of deliydrated rats 
after hypoph 3 ’■sectom 3 ^ Walker (2), in a more comprehensiA'e inATstiga- 
tion, tried to find “an antidiuretic hormone in bod}' fluids in concentrations 
AA'hich Amiy AA’ith physiological Amriations in urine volume". Although 
some of his experiments confirmed Gibnan and Goodman, discrepancies 
in others caused him to doubt their conclusions. Assays by Ingram, 
Ladd, and BenboAA* (3) of urine from dehydrated normal and diabetes 
insipidus cats provide strong CA'idcnce that the excretion of an antidiurctic 
material by the cat depends upon the presence of the pars nervosa. 

We haA'e assayed the urine, blood and pars nerA’’Osa of normal and 
diabetes insipidus dogs after dehydration. The method of assaj’ (I) 
differs from that xised bA' other iiiA'estigators. As a test animal avc have 
used the diabetes insipidus dog AA'hich AA’ill maintain a diuresis for seA'cral 
hours. The criterion of antidiurcsis is not simply a decrease in urine flow, 
but an increase in urine concentration. Since urine floAV is the resultant of 
tAvo independent functioms, glomcnilar filtration and tubular rcabsorption 
of AA-ater, it is essential in OA'aluating antidiuretic effects to con.sider each 
separately. This is especially important since Burgess, HaiwcA' and Mar- 
sliall (5) liaA'c .shoAAm that an c.xlract of the pars nervosa effects an anti- 
diure.sis by increasing tubular reabsorption of Avater. 

The A'olume of gfoinenilar filtrate aavis measured by the renal clearance of 
creatinine, .<incc there is good cA'idenee that exogenous creatinine is excreted 
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solely by glomerular filtration in the dog (6, 7), The creatinine U/P ratio, 
or the number of cubic centimeters of plasma required to produce 1 cc. of 
urine, was used as a measure of water reabsorption. One-tenth of a 
milliunit of Pitressin (Parke-Davis) produced a measurable increase in 
creatinine U/P ratio (fig. 1). 

Intravenous injection of the material to be assayed was used for two 
reasons. Fnst, the rates of absorption have been shown to vaiy greatly 
after subcutaneous injection (8), and in our assa 5 ^s duration of the anti- 
diuresis was an important part of the response. Second, since large 
volumes of fluid ma 3 ’- be given intravenously, it was unnecessary to con- 
centrate the urine bj”^ procedures which might alter its constituents (1, 2, 3, 
9). In some assa 3 ^s as much as 100 cc. of fresh untreated urine were in- 
jected. 

Method. Five grams of creatinine in 100 cc. of water were given b 3 ’’ 
stomach tube to the test animal (a diabetes insipidus dog) about 2 hours 
before the assa 3 ' and about 18 hours after feeding. The dogs, all females, 
were accustomed to catheterization and venipunture and lay quietly on the 
boai-d. Blood samples were collected at one hour intervals, centrifuged 
immediate^, and duplicate aliquots of plasma precipitated with tungstic 
acid. The bladder was emptied by washing out with air and mines col- 
lected at carefulb’’ timed intervals, usualb^ of 10 minutes' duration. Errors 
in volume measurement were minimized by collecting the urines in volumet- 
ric flasks which were then filled to the mark with distilled water from a 
burette. At least two control clearances were ran in ever 3 '- experiment 
before any injections were given. Creatinine concentrations were deter- 
mined by the alkaline picrate method, and the clearance and U/P ratio, 
calculated. The accuracy of the method was improved by using a photo- 
electric colorimeter and by developing the color of the solutions in a room 
maintained at a constant temperature. 

Donor animals were normal dogs and dogs which had a permanent 
polyuria as the result of pituitary stalk section. Blood and urine samples 
for assay were collected from these dogs after a water deprivation of 2 to 
4 da3’-s. The dogs were catheterized and the bladder washed out with 0.9 
per cent saline. After an interval of 15 minutes to 2| hours, the urine was 
collected, the bladder again washed with saline and the washing added to 
the m-ine. The specimens thus collected were diluted to the same volume 
and injected intravenously into the test animal.. In a few cases, blood 
samples for assay were also collected. Ten or twenty cubic centimeters 
of blood were withdra^vn from the external jugular vein through a 15 
gauge needle and immediately injected into the test animal. No anti- 
coagulant was used. 

In one experiment the donor dogs were killed immediately after the 
urine collection, and the pars nenmsa of the pituitaries removed. Each 
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gland was thoroughly macerated with sea sand in saline and an aliquot 
of this extract assayed in the same manner as the urines. Assays were also 
done on urine samples collected from diabetes insipidus dogs before and 
after injection of fresh saline extracts of posterior lobes. 

Results. The urine from dehj’drated normal dogs invariabl}' caused an 
antidiuresis when injected into a diabetes insipidus dog. Tliis antidiuresis 
was the result of an increase in the concentration of the urine as expressed 
bj'^ the creatinine U/P ratio (figs. 2 and 3). The urine from deh 3 ’^drated 
diabetes insipidus dogs never produced an antidiuresis; in 6 out of 7 cases, 
it was followed by a slight diuresis. The blood from normal and diabetes 
insipidus dogs never produced any effect on creatinine clearance or U/P 
ratio in the test animal (fig. 4). This finding is apparentlj’- contradictor^'^ 
to Melville’s results (10). The discrepancj' ma 3 ' be accounted for in three 
wa 3 's: Melville made an extract of the blood; he used a larger volume (50 
cc.) ; and since he did not assa 3 ' the blood of the h 3 'poph 3 'sectomized dog, 
the substance he found ma 3 ’’ be not be of pituitary origin. Since 0.1 
milliunit of Pitressin Avas easib'^ detected b 3 ’^ our method, the blood assa 3 'ed 
in this experiment must have contained less than the equivalent of that 
amount in 10 cc. When the posterior lobes of the donor dogs were assa 3 ’-ed, 
the response of 1/10 of the diabetes insipidus gland was less than half of the 
smaller response to 1/500 of the normal posterior lobe (fig. 5). The anti- 
diuretic potency of the diabetes insipidus posterior lobe ivas therefore 
less than 2 per cent of the normal. 


Fig. 1. Two experiments were done on a diabetes insipidus dog to determine 
the threshold dose of Pitressin. The upper line indicates the responses to 2 and 1 
milliunit doses; the lower line, the responses to iV and i milliunit doses. In all 
figures the ordinate is time in minutes; the abscissa, creatinine U/P ratio. 

Fig. 2. Assaj's of 30 minute urine specimens from 2 diabetes insipidus and 1 normal 
dog deprived of drinhing water for 97 hours. .'Vll specimens were diluted to 20 cc. 
with isotonic saline and injected intravenously. The urines from the pol 3 'uric dogs 
wore injected at the first and second arrows; the urine from the normal dog at the 
third arrow. Only the last caused an antidiuresis. 

Fig. 3. Assaj' of 30 minute urine specimens from 1 diabetes insipidus and 2 normal 
dogs dehydrated for 47 hours. Each urine was diluted to 20 cc. with isotonic saline 
and injected intravenouslj'. The diabetes insipidus urine was injected at the first 
arrow; the urine from the nonnal dogs at the second and third arrows. 

Fig. 4. Assaj' of blood from normal and diabetes insipidus dogs. Neither sample 
of blood contained a detectable amount of antidiuretic substance. 

Fig. 5. Assaj' of urines and pituitaries of a noi-mal and of a diabetes insipidus dog. 
After the dogs had gone without water for 68 hours, 21 hour urine specimens were 
collected from eacli. The urine from the normal dog was injected at the first arrow; 
the urine from the diabetes insipidus dog at the second arrow. After the urine 
collection, the dogs were killed, their pituitaries removed and macerated in saline. 
At the third arrow sIt; of the normal dog posterior lobe was injected: at the fourth 
arrow iV of the posterior lobe of the diabetes insipidus dog was injected. The fifth 
injection is a repetition of the third. 
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Although uiine samples from the untreated diabetes insipidus dog had no 
antidiuretic effect, urine samples taken from the same dog after the 
injection of a saline extract of pars nen'osa had a marked antidiuretic 
effect. This result shows that the kidney of the diabetes insipidus dog,_ 
like that of the normal rabbit (11) is capable of excreting an antidiuretic 
substance. 

CONCLUSIONS 

1. The urine of the dehydrated normal dog contains an antidiuretic 
substance; the uiine of the deh3'drated diabetes insipidus dog contains none. 

2. If there is anj’- antidiuretic substance in the cumulating blood, it is 
present in concentrations equivalent to less than one milliunit of Pitressin 
per 100 cc. 

3. The kidnej^ of the diabetes insipidus dog is capable of excreting an 
antidiuretic substance when the material is administered b}' intravenous 
injection. 

4. The absence of an antidiuretic substance from the urine of the dehj'- 
drated diabetes insipidus dog is associated with an enormouslj^ diminished 
antidiuretic content of the pars neiwosa. 
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We have noted (1) that blood serum has the property of inactivating 
secretin and that such inactivation is on an enzymic basis; furthermore, 
that although secretin is inactivated by gastric and pancreatic juice and by 
crude extracts of pepsin and tiypsin, it is unaffected b}'^ these enzjmes in 
cr 3 '^stalline form. On the strength of these findings it was postulated that 
the ineffectiveness of orall}’’ administered secretin was due to the presence 
of secretinase in the gastrointestinal secretions which destroy the hormone 
before it can be absorbed. Hence it appeared not improbable that secre- 
tinase was rather widelj-- distributed in the bodj^ and that the question of its 
occurrence in the urine merited investigation. Moreover, a demonstration 
of secretinase in the urine would afford a logical explanation for the cir- 
cumstance that secretin has never been found in urine or urine concen- 
trates. 

Consequently a series of experiments was conducted with a view to an- 
swering this question. In the course of this work, it became apparent that 
Avhen the animals were given a large amount of urine or urine concen- 
trate the pancreas became increasinglj’- refractory to control injections of 
secretin; the agent causing this refractoriness appeared to be present in 
both unboiled and boiled material. This indicated the presence in the 
urine of a thermostable substance which inhibits the secretor 3 '- activit 3 '’ of 
the pancreas. That such a circumstance is not unlikel 3 '- is indicated by the 
studies of several investigators (2-6) who have demonstrated that the urine 
contains a gastric secretory depressant. 

In other words, we considered the possibilities that the urine contains 
substances which may act on the hormone itself and on the end-organ 
excited by the hormone. These possibilities were examined in the experi- 
ments detailed below. 

Experimental. 1. Materials. Human urine served as the source 
material. It was used in the folloiving forms: untreated; vacuum distilled 
and dialyzed; the precipitate obtained by the addition of 10 volumes of 
acetone to vacuum distilled dialyzed urine; and the benzoic acid adsorbate 

245 



246 


HAERY GREENGARD, I, F. STEIN, JR. AND A. C. IVY 


according to the method of Katzmann and Doisj’- (7) suspended in water, 
boiled, filtered, and precipitated with acetone. Various other reagents 
were tried and found of no use. The diy preparations were injected in 
100-mgm. doses. 

2. Secretinase in the urine. The animal preparations and secretin con- 
centrates were the same as those Ave employed in our pimdous studies (1). 
The presence of secretinase was tested by incubating freshlj'' voided human 
urine Avith the standard amount (1 mgm.) of secretin concentrate and com- 
paring the response to that elicited b}’' a standard dose of secretin and b}' a 
mixture of secretin with boiled and cooled urine similarlj’- incubated. The 
urine concentrates Avere assayed for secretinase in a similar manner. 

3. Pancreas inhibitor in the urine. The same animal preparations Avere 
used except that in some dogs the secretin Avas injected in dilute solution 
into the femoral vein by a Wood3’^att pump at a very sIoav and constant rate 
(0.1 mgm. per min.) in order to stimulate a slow and regular floAv of pan- 
creatic juice from the cannulated duct. When such a floAv Avas established 
one of the urine concentrates Avas injected and pancreatic floAV recorded for 
one to tAvo hours thereafter. In most of the dogs the pancreatic response 
to the standard dose of secretin Avas ascertained, folloAving AA'hich the 
urine concentrate u'as injected. At subsequent inten^als the secretin 
administration Avas repeated and the pancreatic response noted Avith 
reference to the control. 

Results. 1. Urinary secretinase. In all cases in Avhich secretin Avas 
incubated AAuth freshlj’’ voided normal urine a definite inactiAmtion of tlie 
secretin occurred, AA'hereas there was no inactiAmtion AAdien prcAuously boiled 
and cooled urine Avas used. The results are listed in table 1. 

2. Pancreas inhibitor. Indication of the presence of this agent AA'as ob- 
tained Avhen 7/rznc concentrates were incubated AA'ith secretin. It aa'HS 
obseiwed that there Avas an apparent inactiAmtion bj’’ both boiled and un- 
boiled urine concentrates, and furthermore, the response to control in- 
jections AA'as definitelj’’ less for some time after thej'^ AA’ere administered. 
The data illustrating these findings are listed in table 2. 

VTien the urine concentrates AA'ere injected intraA'cnouslj' into dog.-' 
secreting at a uniform rate in response to continuous secretin injection, a 
retardation of the secretion aars noted. Such retardation AA’as marked 
AA'hon the secretorj' rate of the pancreas AA'as sIoaa', and Avas minimal Avhen 
the gland secreted at a rapid rate. IllustratiA'c records arc sIioaati in figure 
1. Throughout these experiments complications AA'ere encountered m 
about half the dogs in the form of a drop in blood prc.s.sure AA'hich Avas mil' 
in degree (30 mm. Hg or less), giadual in onset, and up to 20 minute.-, in 
duration. It AA-a.'i to avoid this that the procedure Avas altered to that o 
standardizing the animal to a .ringle dose of .secretin, then injecting the 
urine concentrate, Availing for recoven* from any consequfmt hypoten.sn' 



TABLE 1 


Enzymic inactivation of secretin; alterations in response to a standard dose of secretin 
following incubation with 5 cc. of urine 


DOG 

PROCEDURE 

INCUBATION' 

T 

RESPONSE 

CONTROL 

time 

(drops) 

(drops) 



hours 



1 

Secretin + urine 

4 

11 

27 

2 

Secretin + urine 

3 

14 

31 


Secretin. + boiled urine 

3 

26 

3 

Secretin -f- urine 

3 

7 

20 


Secretin + boiled urine 

3 

21 


Secretin + urine 

o-i 

6 

29 


Secretin + boiled urine 


27 

4 


4 

4 

0 

24 

35 

5 

Secretin + urine 

4 


33 


Secretin + boiled urine 

2i 



Secretin + urine 

4i 


36 


Secretin + boiled urine 

4| 


6 

Secretin + urine 

24 

7 

75 


Secretin + boiled urine 

24 

45 

7 

Secretin + urine 

3 

6 

28 


Secretin + boiled urine 

3 

26 

8 

Secretin + urine 

4 

0 

12 


Secretin + boiled urine 

4 

10 

9 

Secretin + urine 

5 

36 

84 


Secretin + boiled urine 

5 

78 

10 

Secretin + urine 

4 

12 

32 


Secretin + boiled urine 

4 

27 


TABLE 2 


Refractoriness to secretin after injection of urine concciUratcs 



i response (drops) 

INJECTION 




Dor 11 

Dor 12 

Control (1 mgm.) 

! 42 

37 

Secretin + dialvzed urine I 

! 0 ! 

1 3 

Secretin + boiled dialvzed urine 

i 9 ! 

11 

Secretin + acetone ppt. from dialvzed urine 

I 0 i 

0 

Secretin + boiled acetone ppt. from dialyzed urine . . | 

0 1 

6 

Control j 

i 17 

8 

Control after 1 hour 


i 37 

Control 1 minute after acetone ppt 

i 

i 1 

1 
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effect, and finalh" repeating the standard secretin injection at intervals. 
In all animals administration of the urine concentrate was followed by a 
relatively refractory state of the pancreas, which was maximal in 15 to 
20 minutes, gradualh^ diminished, and had usuall}' disappeared in two 
hours. The data are li.sted in table 3. 

Discussion. The results of the assays for secretinase in the urine are 
self-explanatoiy. It is apparent from the data obtained that there exists 
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I'ig. 1. Piiricreatic secretion in response to continuous injeetion of seeietin, 
0.1 mj;rn. j)cr minute, .showiii}' retard.ition of secretion following intravenous inji’c- 
tion of urine concentrate. 

in the urine a therinolabilc substance which inactivates secretin. ^Vl)ell)el 
this enzyme i.s identical with the .secretinase demonstrated to exist in blood 
serum is itroblematieal. The other principle demonstrated to be juescnt 
in the urine is heat-stable, non-fliflu.sible, and exerts its efiect directly on 
tile pancreas. Whether this efTect is a direct inhibition of the secreloi> 
activity of the pancreatic acinar cells, or whether it is primarih’ vaseiilai 
in natun*, cannot be .answered until a .sati'-factory method is developc' 
for me.asurina: blood flow through the pancreas. 




MODIFICATION OF PANCREATIC RESPONSE TO SECRETIN 


249 


Two cil-cumstances argue against the likelihood of a vascular mechanism. 
In the first place, the hj’-potensive effect of the urine concentrates was in- 
constant and in half the animals was entirely absent. Secondly, in three 
of the animals which had e-vddenced a fall in blood pressure, the hj^potensive 
effect was controlled by injections of peptone. To do this, a sufficient in- 
terval was allowed to elapse after administration of the urine concentrate 
until the pancreas had regained its normal activitj'-, after which 2 cc. of 10 
per cent Witte’s peptone was injected. Following recovery, which took 
place in 5 to 10 minutes, the secretin injection was repeated and the 
response found to be identical with that obtained prior to the peptone in- 
jection. It was concluded from these observations that a transitory'- fall 

TABLE 3 


Pancreatic response in drops to a standard dose of secretin before and after injection 

of a urine concentrate 



BEFORE 

AFTER 

DOG 

NO. 

Control 

Time in minutes 


response 

10 

20 

30 

40 

so 

60 

70 

80 

90 

100 


120 

13 


1 

23 

' 14 1 

5 

5 

1 


< 

3 





17* 



20 

1 17 

12 


i 14 




18 

17 






j 

13 

9 


1 

13 , 


1 

13 


; 



15 

27 

25 

13 

13 


1 



21 

24 




16 

36 


c 

A 

} 

8 

13 

24 







17 1 

30 


1 

1 15 


19 j 

1 21 

2 

!8 






18 

31 

32 


24 


18 28 


31 

I 



1 

1 

31 ; 

1 

■8 

15 



16 




i 

25 


19 

13 

13 


1 







1 16 

j 

25 

25 


32 




13 


19 


25 


i 32 

1 

32 


21 

46 

48 

32 

1 

18 


16 


24 

! 35 40 


42 

21 

50 


32 


26 


15 

18 



35 



44 


* Four hours. 


in blood pressure per se has no lasting effect on pancreatic secretory ac- 
tivity. 

The effect on pancreatic secretion cannot be a result of contamination 
with pj'TOgen, since the urine concentrate was prepared under precautions 
designed to eliminate bacterial growth and was free of demonstrable pyTO- 
genic effect. A by-product very^ high in py'xogen, supplied us by'- Doctor 
Gray, failed to show any inhibitoiy effect on the pancreas. 

The agent in the urine responsible for the vaso-depressor effect of the 
concentrates is obscure. The only'- material wliich has been characterized 
as having such an action is callicrein (8), wliich is heat-labUe and therefore 
could not be the factor in the urine concentrates used in this work, which 
had been boiled in the process of preparation. Moreover, the hypotensive 
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action of callicrein is rapid in onset and brief in duration. , "Wollheim and 
Lange (9) and WoUheim (10) have noted a vasodepressor acthity in ex- 
tracts from urine and from posterior lobe of the h 3 ^pophysis wliich is very 
similar to that noted in this work, and which thej’’ ascribe to a thermostable 
substance termed “depressan” or “detonin”. 

The thermostable pancreatic inhibitor demonstrated to exist in the urine 
has been called uropa7icreaione. This is in conformity with the name uro- 
gastrone applied to the gastric inhibitoiy agent described by Gray ei al. 
(loc. cit.). The present findings suggest the interesting possibility that 
the urine contains one or more principles which maj' regulate the pro- 
duction of several of the digestive secretions. The presence of such bodies 
in the urine obviousty denotes then’ excretion; then original source remains 
to be established. 


SUMiMARY AND CONCLUSIONS 

Assaj'S of human urine for secretinase activity have been conducted* 
and the presence of such an enzjmie in the urine demonstrated. In addi- 
tion, the urine has been shown to contain a thermostable principle which 
dnectlj’’ affects the secretorj’’ actiidty of the pancreas, and this is termed 
uropancreatone. 
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Reflexes in sympathetic ganglia. A great variety of s3'-inpathetic 
responses may be obtained when stimuli are applied to afferent fibers from 
which the impulses are ultimatel3’- transmitted to efferent sympathetic 
neurons. If sensory neurons were present in the sympathetic ganglia, a 
reflex arc complete in the isolated ganglion would be a possibility. Dogiel 
( 1 ) described such neurons, but his interpretation has been doubted b3^ 
Langle3’’ ( 2 ), Ranson ( 3 ) and man3’- others. 

The physiological evidence for such a reflex mechanism is just as equiv- 
ocal as the anatomical evidence, and man3’' of the phenomena first thought 
to illustrate reflexes in the peripheral sympathetic ganglia have since been 
interpreted differently. According to Langley ( 2 ), “The peripheral neu- 
rons connected with a given spinal neuron are not necessaril3'’ all in one 
ganglion. . . They are connected with three, four, or more ganglia. This 
fact affords explanation of nearl3'^ all the ‘reflex’ actions which have been 
described as occurring in peripheral ganglia. The ner^’•ous impulse set 
up in one branch of the preganglionic fiber passes to the other branches, 
so to the peripheral ganglia, and to tissues more or less remote from the 
point stimulated. These reflexes ma3'^ be called preganglionic axon re- 
flexes” (pp. 11 - 12 ). 

Study of the activit3' of the peripheral sympathetic system has been 
aided b3’^ the use of the galvanic skin reflex. It has been shoivn that the 
changes in the conductivity of the skin are most marked over the palmar 
and plantar surfaces of the hands and feet, and that these changes are 
effected largel3% if not solel3’', through the sweat glands. 

Using this technique, Schwartz ( 4 ) studied the sympathetic response 
in the pads of cats after the dorsal roots of the brachial plexus had been 
cut, and after the stellate ganglion had been cut off from the central nerv- 
ous system. He concluded that “changes in the skin resistance in the 
pad of a cat’s forepaw occur in response to reflex activit3’’ of the S3’’m- 
pathetic nervous .S3"stem. In the present stud3'' it is shown that a certain 
fraction of these reflex impulses are mediated solely through the stellate 
ganglion; that is, they are trae S 3 "mpathetic reflexes and require no central 
connection of the stellate ganglion. The afferent fiber carries impulses 
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from the blood vessels or deepty lying tissue of the forelimb, through the 
grej'^ ramus, to its cell of origin in the stellate ganglion. There S 3 fnaptic 
relations vdth the efferent neurons occur”. 

h'lagoun. Hare and Ranson (5), studj^ing the effects of cerebellar stimu- 
lation upon the contractions of deafferented muscle, prepared some cats 
with the sensory innervation of the forelimb abolished. The dorsal roots 
of the fourth cervical through the second thoracic segments were cut ac- 
cording to the teclmique of Schwmrtz. Six cats were prepared in this 
manner, but wRen they were subjected to a careful sensoiy examination, 
it was found that each cat was still sensitive on the deafferented side over 


the posterior axillar}’- fold, the dorsal surface of the arm, the posterior part 
of the elbow, and for about a centimeter distal to the elbow along the 
ulnar side of the forearm. Consequenth’^, a second series of cats was pre- 
pared "with the dorsal roots cut from the fourth cervical through the fifth 
thoracic segments. Sensoiy examination revealed total anesthesia of the 
affected forelimb. This obseiwation aroused the suspicion that the ac- 
tivity which Schwartz had observed might be due to the stimulation of 
afferents of cerebro-spinal origin, which activated the S 3 ’’mpathetic ganglia 
through the preganglionic fibers of the ventral roots. 

The purpose of the foUovdng experiment was to test this possibility. 
The criterion of sympathetic acthdty used was a decrease in the resistance 
of the forepad to the flow of a galvanic current. The procedure of exami- 
nation w'as as follows: the cat w^as fed, and immediately placed in a can- 
vas strait-jacket, which was designed to avoid 3113 ’' interference with the 
circulation of the forelimbs. Tlie cat was continuously petted by an at- 
tendant, and all of the observations reported were made when the cat was 
quiet. Leads were taken from the center pads with saline-zinc sulphate- 
zinc electrodes, held in place by strips of dental dam. If recordings were 
to be made from more than one pad, all the electrodes were fastened on at 
the beginning of the c.xperiment, and the leads shifted from one to anothei . 
The low resistance electrode was usualty ai)plied to a region of the iail 
ane.sthetized with novocain and incised to eliminate skin resistance. In 


the examination of cats -with deafferented forelimbs, the low resistance 
electrode was often placed on the anesthetized shoulder; it is c.ssential 
that this electrode be placed on an anesthetized area, since the pain of 
application of saturated zinc sulphate solution to a fresh incision would 
cause such a burst of .S3mpathetic activity, that an additional reflex dit- 
charge would be ob.scurcd. The rc.sistance of the forepad was moasurec 
with a potentiometer (fig. 1) in which a variable resistor Avas balnncec 
against the resistance of the cat. A change in skin re.sistanec caused a 
deflection of the galvanometer which was sensitive enough to detect a 
clinngc of less 1 ban onc-tentli of one per cent . The re.si.stance was rneasun t 
bctwccui the electrode over the incised skin of the tail or shoulder and t a. 
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electrode on one of the forepads; that the greater part of this resistance 
ivas offered by the skin of the forepad was shown when a superficial scratch 
through the skin at this point caused the resistance of the cat to fall from 
10-15,000 ohms to 1-2,000 ohms. Visual, auditory, and cutaneous stimuli 
were used. In a few cases the galvanic skin reflexes were recorded with 
a Hindle model string galvanometer. 

Ten cats with dorsal roots C 4 through Ts cut on the left side were re- 
peatedlj’- examined for sympathetic re.sponses. Stimulation of the anes- 
thetized limb, even when extremel}’- severe (pinching with hemostats. 



Fig. 1. Potentiometer for measuring skin resistance. G, Leeds and Korthrup 
galvanometer 2420-c.; S, shunt; li, one megohm decade resistor in steps of 100 ohms; 
K, switch. 

Fig. 2. String galvanometer recordings of skin resistance. (Recorded by Dr. 
Dayton J. Edwards.) 

A. Absence of change in left fore pad on crushing the left elbow with heavy forceps. 

B. Fall in skin resistance in right pad on pinching the cat’s tail. 

Lower line indicates onset and duration of stimulus. Dorsal roots Ci-Ts and 
ventral roots Cs-Tio cut on the left side. 

burning with the tip of a hot metal rod) caused no change in the re.sistance 
of the forepad of the same or the opposite limb. Flashing a light into the 
animal’s eyes, blowing a Avhistle, or pinching any normally innervated 
skin, caused a sharp fall in the resistance of both forepads. Four cats 
with the left dorsal roots C 4 through T 2 cut were similarly examined, and 
all gave responses to stimulation of the region of the elbow and the pos- 
terior axillary fold of the affected limb. 

These results maj’^ be given either of two interpretations; first, that the 
response depended on the presence of afferent nerves in the extremity 
being stimulated; second, that in the first group there was enough activity 
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in the sympathetic ganglia, winch retained their normal preganglionic in- 
nervation, to mask any added reflex. In order to exclude this second and 
improbable possibility the preganglionic sympathetic jiaths to the deaffer- 
ented forelimb were severed. The ventral roots of the left side Avere cut 
from Ti through Tio. This deprived the limb of its preganglionic sympa- 
thetic innervation but left its sensoiy innervation intact and caused only 
a slight deficit of motor nerve supplj’’. This resulted in an increase in 
resistance of the pad of the affected limb to 10,000-40,000 ohms above 
the normal leA-el. The resistance Avas not altered by the most painful 
stimulation of sensitiAm areas of the cat’s skin, and Avas therefore considered 
unaffected by the emotional state of the animal at the time of examination. 
When the stimulus Avas made excessiA^ely no.xious, the cat coidd not bo 
restrained for proper examination. Even Avhen the stimulus Avas applied 
to the left forelimb no decline in re.sistance could be measured. 

To aA’oid this difficulty and to test for reflex actiAuty of the isolated 
ganglia under AA'hat AA-as thought to be the most ideal of conditions, 3 cats 
Avere subjected to the folloAving operation: the dorsal roots from C.i through 
Ts and the A^entral roots from Cs through Tio were cut on the left side. 
Thus, only the postganglionic .sympathetic ner\'es of the limb AA'ere left, 
and not only Avere the SAveat glands in the pad freed from impulses origi- 
nating elsewhere in the body, but, since the limb Avas anesthetized, very 
strongly noxious stimuli could be applied Avithout causing the cat any 
discomfort. Xo change in re.sistance could be produced by any kind of 
stimulation, cA'on though pressure on the elboAv A\as applied Avith forcejis 
and large areas of skin on the arm crushed Avith hemostats. Hoavca'CI’, 
if leads Avere taken from the center pad of the opposite and normal limb, 
pinching the tail caused a fall in resistance of 2000 ohms, Avhon the original 
resistance Avas 9000 ohms. The failure of the left forepad to n'.sjiond 
cannot be attributed to the condition of the animal (fig. 2, record). If 
attributed to the inability of the ganglia of the sympathetic chain to me- 
diate reflexes when scA'cred from their connections with the central nci vous 


.system. 

ScliAvartz (4), hoAA'CAX'r, came to the opposite conclusion. He mcasuicd 
the change in resistance in ten cats Avith “somatically-dcaflerented” right 
forclimbs (p. 597). Dcci) pre.s.^urc on the deafl'erented limb caused a de- 
crease in resistance of the left forepad. The folloAving explanation was 
offered: “The mechanism caAising this I'csponsc probably consists of aliei- 
ent ,«ymj)athetic imj)id.scs j)a.«.'=ing doAvn the right thora(“ie chain to heloAA 
lh(‘ IcA'cl of the second thoracic; there the irnpidse can i)ass through the 
intact dorsal roots and cro.«s oA'cr and upAA'aifls to the fipposite .‘•idf 
(p. o9S). In other AA’ords, SchAvartz (4) e.xplains a reflex initiated in jle- 
e.fferented tissue by suggesting that the tissue is not comphhely de.alicr- 
ent<-d. Due of the animals in his .series AAas subjected to an addition.A 
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operation: the sympathetic chain above and below the right stellate gan- 
glion was resected, and all rami from the ganglion were severed except the 
gray ramus to the &st thoracic nerve. He concluded: ''The right fore- 
limb, accordingly, received its sole sjmipathetic supply from the stellate 
ganglion through one gray ramus, the ganglion being isolated from all 
other nervous connections” (p. 598). Reflex changes in resistance in tliis 
right forelimb (fig. 3, p. 598) were caused by auditory stimuli or by pinch- 
ing the tail. This offers excellent evidence that the sweat glands of the 
right forelimb still retained a connection with the central nervous system. 
According to Nonidez and Hare (6), the graj*- rami may contain both pre- 
and postganglionic neiwe fibers. Zuckerman (7) described a fusion of the 
white and gray rami in the monkej^ and Kuntz (8) observed a .similar 
arrangement in man. Langley (9) denied admixture of pre- and post- 
ganglionic fibers in the rami communicantes in the cat. In \dew of this 
anatomical evidence, it is dangerous to a.ssume that no preganglionic fibers 
remain after section of all white rami to the sympathetic ganglion. A more 
dependable procedure for elimination of preganglionics is section of the 
appropriate ventral .spinal roots as our third group of animals shoAved. 

Bolton, Williams and Carmichael (10) studied the vasomotor responses 
in two patients with cord lesions. In one case the spinal cord caudal to 
the fifth thoracic segment was inactive, but the dorsal root ganglia and 
the sjmpathetic chain were preserved; in the other, a lesion of the cauda 
equina had destroyed the dorsal and ventral roots caudal to the second 
lumbar level. In neither case could vasomotor changes in the toes be 
elicited by stimulation of the anesthetized part of the body although the 
sympathetic chain gangUa were intact in each case. 

Bronk et al. (11) dimded a cardiac branch of the stellate ganglion of 
the cat into two fascicles. All other branches of the ganglion were then 
severed. Stimulating electrodes were applied to one fascicle of the cardiac 
nerve, recording electrodes to the other. Stimulation of one fascicle pro- 
duced no response in the other. Tliis is additional evidence against the 
idea of a reflex arc Avithin the sympathetic ganglion. 

Tonic actiahty in isolated sympathetic ganglia. Govaerts (12), 
and ToAA’er and Richter (13) haA--e presented evidence that sjmpathetic 
ganglia, when scA^'ered from the central nem^’ous system, maintain a tonic 
or continuous activity, as distinguished from a reflex activity. Govaerts 
(12) recorded continuous discharges in postganglionic nerves arising from 
isolated sympathetic ganglia. Bronk et al. (11) failed to confirm Govaerts’ 
findings. ToAA^er and Richter (13) measured the gaRanic resistance of 
the forepads of cats after section of the Avhite rami, and later after removal 
of the thoracic sympathetic chain on the same side. The first of these 
operations was considered a preganglionic denervation, the second a post- 
ganglionic. Measurements of skin resistance begun before the first opera- 
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tion and continued after the second, showed that postganglionic denerva- 
tion caused a greater rise in skin resistance than did section of the wliitc 
rami to the ganglia. In other words, section of the white rami did not 
cause a total paralysis of the sjunpathetic ganglia. Their method of pre- 
ganglionic dener\mtion, section of the white rami, is subject to the criti- 
cisms made in the first part of this paper. 

In order to avoid this source of error, we removed the thoracic and 
cervical .sympathetic chain on the right side from six cats, and later cut 
the left ventral spinal roots from Ti through Tg. This permitted simul- 
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Fig. 3. Skin resistance of a cat after post- and preganglionic sympalhectomj. 
Abscissa: time in days. Ordinate: skin resistance in thousands of ohms. 

The right stellate ganglion and thoracic chain were excised two months c ore 
these observations were begun. Before the ventral root section on the 11th daj . t a 
rcsistance of the right pad was alwaj’sgreater than that of the left. After pregang 
lionic denervation of the left side, this consistent difference disappeared. 


tancou.s determinations of resistance from a pad deprived of its pos - 
ganglionic nerves and from a pad without preganglionic innervation, i 
skin resistances of one of these cats is presented in figure 3. Aftei re 
moval of the right sympathetic chain from above the stellate throng » <> 

the re.sistancc of the right forepad was consistently greater than the re 
sistance of the left forepad. 'V^Hren the left ventral spinal roots roni 
Ti-Tg were cut, the re.sistancc of both pads increased enorrnou.sly. As t le 
animal recovered, the re.sistances dccrea.sed together until the twelft i a> 
after the ventral root section. At that time the animal wa.'= used for an 
other experiment. 



ACTIVITY IN ISOLATED SYMPATHETIC GANGLIA 


257 


In smularly operated cats which Avere allowed to Ih^e longer no signifi- 
cant differences between the forepads could be detected until about four 
AA'eoks after the A^entral root section, when the regenerating fibers of the 
cut ventral roots began to establish functional connections with the post- 
ganglionic neurons, and the resistance of the left forelimb began to fall (14). 
In four to fiA^e AA'eeks the resistance of the left forepad had returned to 
its pre-operatiA*e level and reflex changes could be elicited by pinching the 
tail. The high resistance of the right forepad persisted until the death 
of the animal. 


SIIM]\LA.RY 

Since our expeiiments and those of others (10, 11) have failed to shoAv 
actiA'ity in isolated sympathetic ganglia, and since it has been demon- 
strated that preganglionic denervation based on section of the AA’^hite rami 
is incomplete, aa'C feel that the preponderance of eAudence supports the 
idea that the S3anpathetic ganglia of the upper thoracic chain, when seA'-ered 
from the central nerA^ous system, are incapable of independent actiAuty. 
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It has been demonstrated that the adi-enal cortex has a significant rela- 
tionship in the development of acute ch-culator 3 ’^ collapse. Some yeais 
ago it was shown that adrenalectomized animals Avere more easity put 
in a state of shock than normal ones b}’’ muscle trauma and other 
procedures, and that adrenal cortex extracts could amehorate this lack of 
resistance to a considerable extent. ]\'Iore recentlj’’, it has been reported 
that desox^'-corticosterone is effective in preventing the development of 
surgical shock and the peripheral chculatoiy failure of pneumonia, anes- 
thesia, epinephrine and other agents. However, Swingle et al. (1) could 
not prevent the shock following intestinal stripping in adrenalectomized 
dogs b}'- administering desoxj'corticosterone acetate, confirming the results 
of Seh’'e and Dosne (2) in intact rats, and of Weil et al. (3) in normal rab- 
bits. Seljm and Dosne have reported, however, that corticosterone ad- 
ministration was an effective measure for combating tliis type of shock. 

A considerable amount of evidence has been presented AA'hich demon- 
strates that the adrenal cortex has an important function in regulating 
electrolj'te and water metabolism of the bodj’' and it Avould appear that this 
property is involved in its relationsliip to peripheral circulatorj’^ failure. 
DarroAv et al. (4) have postulated that the adrenal cortex regulates elcc- 
troljde metabolism b^’’ waj' of the kidne 3 \ On the other hand, Swingle 
et al. consider that the effect of the adrenal cortex in regulating body fluid 
is through the maintenance of the integrity of the peripheral vascular 
sA'stem. 

The recent work of INIenkin (5) is signific.ant in this regard. He demon- 
strated that extracts of the adrenal cortex prevent or neutralize the effect 
of leukotaxin, a substance present in e.xudates Avhich increases the per- 
meability of skin capillaries. Menkin used adrenal cortex extraefs which 
contained numerous steroids but lie also indicated briefly that deso.xycor- 
ticosferone had a similar effect. From these re.sults it Avould appear that 

* Aided by the A. D. Nast Fund for Cardiac Research and tlic Emanuel I riend 
Fund. 
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t!u' inlf* the luhfimi I’tHii'K in on.-cnitii; .''hock iiii,u:)5t Ijo {lopoiidcnt on 
il"' alhiity to nniititnin r.-ipiikuy pcrmoahililv, 

l>Ui' to the sjut. hov.cv<-r. ili.nt th<> adrenal cortex extract and corticos- 
ti'Cnstc in liavt- .‘-njnewhat dificjcntiy from dc'-'oxycorticostcronc in combating 
.-'fi.vk. it wa-'-d* ri.h d to itivc-ticatc the action of cry.‘<tnilinc cortico.‘<terono 
and cry.-ialhne dc'-oxycurt if o-'fcronc acetate on ctipilltuy jtermcability. 
\\f* have itu'hnh d in tlii'-- atody, the action of c.<ffrone, progc.-i crone and 
.’'tiibv'-'tro! ■'iiii'e th«"~e po"'***-"' of the piojKTtic,'; of cortical steroids' in 
elect rolvje le.'-taboH'-in. 


Mr.rjiosi.-' Axn ut ‘'t i.rs. Mcjikin's mcfhoii of denmnstratijig changes in 
capill.'ay Ee nncability v.'a' ffiliowcd with certain modification.^. The vari- 
tni" '^t'Toid^ ?!*•- d in tatr f'.viH-riment-' were injected in(nienfancoti.<!y on the 
dc'rnided abiio.mef/ of rabbit,-, alone amJ in combination with leukotaxin. 
Ten to twenty sniinit' - inter. Ifl t<j 15 cc. of 1.5 ]>er cent .'-ohition of tryjtan 
blue in j^hy.-ioloiriral saline w;;-' injected intravf-non.-'ly and tlie concentrn- 
tif»n »>f five at she -itf - of the itjtraentaneons injeetinn.s' was n.sed as the in- 
fh'X of ehatsyc iti ea]>iliary ivnneai»iiity. Tlie ery.'ftvalline steroid.s wore 
water in-fiiubh' ami f ince oil sohitioii'- werf* considered tinsuitablc for intra- 
cutaiieo!!-' itijf'ctiojj. flie-c ,-tcroids were .<-t!spcnded in physiological saline 
or .‘•aiine-gtnn nt aeja solution. Tim .«ns])cjj'fions contained 1 to 5 mgm. of 
.sferoiti per cubic centimeter and were fine cnotigh to be drawn np into a 20 
gauge ncetlje. 

'rc-f.s for the bl.ank vidnclc.-. i.e.. .salitic and .'•aline gmn-aeacia .showed 
either no <!ye concentration or a blariched are.a. 'flic following table in- 
flic.ate- our re.'-ulf.s with a'lrenal cortex extract, corf ico.-fteronc and de.soxy- 
corticosterone- <»n tlie permeability of the .skin raj)illanes wlien injected by 
themselves ami together with a solution cfuilaining leukotaxin. The loe.al 
concentration of dye in tie* injected areas wa.s graded by plus sign.s, i.e., 
“oiu' plus” indicating n .slight but definite eoneentrafion. "four plu.s,’' (ho 
maximum concentration. Douhtfid concentration of d3-e i.s li.sfed a.s 
plu.s.'’^ Negative .«ign.s indicate .similarly the <legrec of blanching, ni 
the injef'ted area;-'. 

It can be .seen from table 1 that (be adrenal cortex extract noxitralir.cd 
the ctTeef of leukotaxin in every in.stanee and ns a matter of fact, actually 
produced areas at the .site.s of injection whicli were paler than the untreated 


= \Vi> nro indelaft! to Dr. E. ('. Kcnd.-iJl for cryfi(nlliii(' corticostcrono, Dr. V. 
Menkin bir the i)rep:irulion of Iciikot.axin, Dr. ^r. Gilbert (Schering Corp.) for 
rry.s till lino df.so.vy(’or{(Co.sfcronc iicrtiito and Dr. D. Klein (WiEon Laboratories) for 
adrenal cortex extniot. 

‘'I’lic color due to dyo coiiecntration wa.s uiie.lianged following prcs.surc with a 
glriHS (dido on (he anTcefed Klein, thereby ruling out the po.s.s'ibiIity that tlio color w.as 
the result of a dilatation of the local eiipillnric.s rather than an increase in capillary 
penneabilitv. 
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skin. Corticosterone suspensions produced effects similar to adrenal cortex- 
extract in preventing dye concentration. On the other hand, desoxycor- 
ticosterone was unable to neutralize the leukotaxin effect in every instance 
and actuall}’’ induced a significant concentration of dj^e at times, when 
injected alone. 


TABLE 1 


Effect of intracutaneous injections of adrenal cortex steroids on 
concentration of trypan blue* 
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* Deso.xycorticosteronc acetate was used. Each horizontal row represents results 
obtained in a rabbit during a single set of these experimental procedures. 


TABLE 2 

Effect of intracutaneous injections of ovarian substances on 
concentration of trypan blue* 



ESTRONE j 
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ESTRONE 
WITH LEUKO- 
TAXIN 

STILL ESTROL 

STILDESTROL 
WITH LEUKO- 
TAXIN 
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* Dcsoxycorticostcrono acetate was used. Each horizontal row represontg result» 


obtained in a rabbit during a single set of those experimental prooedure.s. 


The following substances were .similarly tested; estrone, stilbcstrol and 
progesterone. Stilbcstrol, though not n .steroid, v/as included in order to 
determine whether its action on e.xtra-gonadal tissues resembled th.nt of 


estrone. 

From table 2 it, can be seen that fhc.se substance.s failed to rir?utrah7'0 
leukotaxin, and at times induced a concentration of dye when injected 
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alone. Progesterone gave the most consistent effect in this regard. In 
several instances, both leiikotaxin and the ovarian substances produced 
negligible dj^e concentrations when injected alone, but the combinations 
of leukotaxin with these substances resulted in a marked d3''e concentration. 

The possibilit3^ was considered that the estrogens might liberate acetyl- 
choline in the skin and thus produce their effects on the capillaries, since 
Reynolds ( 6 ) has indicated that estrogens increase the acet3dcholine content 
of gonadal and extra-gonadal tissues. However, it was found that it re- 
quired acet3dcholine concentrations of 1 to 80 or even 1 to 20 , to induce a 
moderate d3^e concentration. These amounts were often toxic or fatal 
to the test animals. Acet3'’lchoIine, therefore, appears to pla3'' no role in our 
results. 

Discussion. It appears from our results that desox3’-corticosterone, a 
substance which is concerned with salt and water metabolism, is unable to 
prevent an increase in capillaty permeabilit3’' under conditions where 
adrenal cortex extracts are effective. In addition, this substance may 
actually cause an increase in capillary iDermeabilit3’’ by itself. On the 
other hand, corticosterone which has relatively little effect on salt and water 
metabolism is quite capable of neutralizing the leukotaxin effect of increas- 
ing the permeabilit3’' of skin capillaries. It is possible that the activity of 
adrenal cortex extracts in this respect is due to its content of corticosterone 
or similarly acting compounds. 

From the above results it appears that the preventive action of desoxy- 
corticosterone on shock following muscle trauma, anesthesia, epinephrine 
and intraperitoneal glucose is apparently not due to a maintenance of 
capillary permeabilit3L It is more likely one of controlling blood volume 
through shifts in electrolyte content of body fluids. It is significant in 
this regard that Freed ( 7 ) was able to prevent the otherwise fatal shock of 
muscle trauma in adrenalectomized rats simply by administration of 
physiological saline. These results support the concept that shock follow- 
ing muscle trauma is primarily the result of hypoh3^dremia. Of course, 
not all forms of shock are explained on this basis. Manipulation of the 
intestines produces a t3^pe of shock which cannot be prevented by desoxy- 
corticosterone administration but can be prevented by adrenal cortex 
extracts or corticosterone ( 1 - 3 ). Thus, it would follow that in intestinal 
manipulation, changes in capillary permeability play a primary role. 

In regard to the estrogen and progesterone effects, it appears that 
they simulate the action of desoxycorticosterone on the permeability of 
capillaries. It is noteworthy that the steroids able to maintain health and 
life in adrenalectomized animals, do not have identical effects on capillary 
permeability. It is likely, therefore, that the ability of steroids to maintain 
life following adrenalectomy is not necessarily related to their regulation 
of capillary permeability. 
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SUMjMARY 

1. CrystaUine corticosterone, desoxj^corticosterone and commercial 
adrenal cortex extract were tested for their effect on capillary permeability 
according to MenMn’s “leukotaxin” method. Corticosterone as well as 
adrenal cortex extract prevented the action of leukotaxin in increasing the 
permeability of capillaries. Desoximorticosterone did not do this but actu- 
alty often produced a slight increase in capillary permeability by itself. 
These results may explain, in part, the different responses elicited by these 
preparations in protecting animals against the circulatory failure of various 
types of secondar}’’ shock. 

2 . Estrone, stilbestrol and progesterone were similarty tested. All of 
these substances not only failed to prevent the leukotaxin effect but pro- 
duced an increase in capillaiy permeability when administered alone. It 
was demonstrated that these responses were not due to the local liberation 
of acetylcholine. 

3. It is concluded that the ability of steroids to maintain the life of 
adrenalectomized animals is not necessarily related to their effects on capil- 
lary penneability. 

We are indebted to Dr. L. N. Katz for his valuable suggestions in the 
course of this studjL 
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It is apparent from the experiments tabnlated below that the hemoglobin 
output is stepped up as the anemia level of circulating hemoglobin sinks. 
This was not an unexpected reaction but we were surprised to find how 
closely the hemoglobin output was related to the intensity of the anemia 
stimulus in these standard dogs. 

If we assume that the siimuhis to hemoglobin production is zero in the 
normal dog which presents a circulating blood level of 21 grams hemoglobin 
per cent, we may safely say that the stimulus to hemoglobin production is 
maximal at an anemia level of about 6 grams hemoglobin per cent. Tliis 
gives a maximal anemia range of 15 grams hemoglobin per cent in these 
dogs as used. 

The moderate anemia level used in our experiments is 11 grams hemo- 
globin per cent or two-thirds of the anemia range of 15 grams hemoglobin 
per cent described above (21 grams — 11 grams = 10 grams hemoglobin 
per cent). The average values for hemoglobin production in moderate 
anemia are very close to two-thirds that found in the same standard dogs 
at the severe anemia level (table 1). These values obtain whether the 
dogs are tested with liver feeding or iron salts or liver extract given by 
mouth. 

Stimuli which cause the body to produce blood proteins are not well 
understood — a magnificent understatement. Yet the adjustments in the 
normal dog are exquisite in their delicacy whether we consider the produc- 
tion of hemoglobin or fibrinogen or albumin of the blood. It is assumed 
generall}’- that the stimulus of anoxemia is responsible for the production 
of new hemoglobin but there ma}’- be other stimuli related to this complex 
response (4). 

Expeeimental obseevations. The general experimental procedure 
used in these standard anemia experiments has been reviewed in detail 
elsewhere (5). In general eveiy effort is dkected to the maintenance of 
uniform conditions. 

1 We are indebted to Eli Lilly and Company for aid in conducting this work. 
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Moderate anemia. Severelj’- anemic dogs (hemoglobin 6 grams per cent) 
are permitted to attain a hemoglobin level of 11 grams per cent by the 
addition of the liver extract “Lextron” to the basal bread ration. There- 
after the dogs are fed the basal bread ration alone for several weeks until 


TABLE 1 


Hemoglobin produclion increases with severity of anemia 
Figures represent net Hb production per 2 weeks 


DOG NO. 

WVER FED* 

inON BV MOUTHt 

LIVER EXTRACT FEOf 

Anemia level 

Moderate 
Hb— 11 
grams per 
cent 

Severe 
Hb-6 
grams per 
cent 

Moderate 
Hb-11 
grams per 
cent 

Severe 
Hb-6 
grams per 
cent 

Moderate 
Hb-11 
grams per 
cent 

Severe 
Hb-G 
grams per 
cent 


gravis 

grams 


grams 

grams 

i;rams 

34-3 

59 

96 

47 

49 

56 

98 


48 

77 

39 

78 





76 


52 



34-145 

74 

102 

59 

58 

77 

109 


65 

90 

50 

61 


92 

37-22 

46 

85 

39 

54 

52 


1 

50 

92 


50 

j 

i 




73 


50 







74 





i 


46 



35-2 

62 

102 

44 

87 

73 

122 


42 

101 

60 

78 


SS 



74 


52 


62 



104 


81 


100 



99 


84 







97 




Av'crage hemo- 







globin pro- 






O'? 

duction 

56 

90 

48 

66 

05 



* Pig liv'er ns fed averages .52 mgm. Fe per 300 grams daily, 
t Iron by mouth = 40 mgm. Fc as amm. citrate, 
t Liver extract as fed averages 270 mgm. Fe per day. 


hemoglobin production is stabilized at a uniform l)a.se line let cl. 
variou.s diet factors are then tc.stcd under .standard experimental conditioii - 
at the moderate anemia level. Other diet factom have been te.stcd at t 
moderate anemia level but not in sufficient number to report. In 
we may .say that the.se experiments are in harmony with those tabu .dc- 
lyelow. 
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All dogs rejDortod in table 1 n^ere clinicall}'^ normal, active, of uniform 
weight, with good appetite. lu spite of this clinicall}'- normal state tliere 
is considerable variation in the z'esponse noted in repeat experiments on the 
same dog. Such variables are not rare in ph 3 ^siologicaI experiments deal- 
ing with protein metaboh’sm. In part they may be due to digestion factors, 
protein requhements other than new hemoglobin, and protein or iron stores 
in organs and tissues. Average values determined in several dogs from 
man^^ repeat experiments we believe are significant. 

Table 1 gives the nei hemoglobin production over and above the control 
base line in each experiment. The four dogs used were well standardized 
and had been anemic under continuous obseiwation for 4 to 6 j'^ears. Dm- 
ing the greater part of this time the severe type of anemia had been main- 
tained. The anemia level used in om- published experiments (5) is 45 
per cent of 13.S grams hemoglobin or 6 grams hemoglobin per cent. Tliis 
6 grams hemoglobin per cent represents the optimum grade of severe 
anemia in these dogs. The dog can tolerate this degree of anemia without 
obvious clinical abnormality and loss of appetite. Below an anemia level 
of 5.5 grams hemoglobin per cent the dog may show clinical disturbance 
and the production of new hemoglobin may actually decrease. Obviously 
the anemia le\’el should be kept as constant as possible bj’’ frequent bleed- 
ings vith related blood volume determinations. 

These dogs were raised in our own kennels from the strain used in all our 
anemia experiments and the normal hemoglobin level in these dogs is 20 to 
21 grams hemoglobin per cent. Thej-- tolerate the customary regime very 
well and they continue a fahly uniform rate of hemoglobin production on 
various diets throughout a normal life cycle— often over 10 years continu- 
ousty anemic. 

The liver extract, 5.9 grams given daily (“Lextron”~Eli Lilly and 
Company) contains 270 mgm. Fe as fed. This extract (7) contains sub- 
stances other than iron which have been shown to be potent for hemoglobin 
production in standardized anemic dogs. Cooked pig liver (300 grams 
fresh equivalent) as a standard test diet factor, is given daily for 2 weelcs 
and all hemoglobin production is measured in grams per 2-week period. 

It is to be noted that the responses to liver and liver extract are similar 
but the amount of contained iron very different. We have shown that 
factors other than iron in whole liver are responsible for some of the new 
formed hemoglobin. The group of food proteins represents one factor 
(2) but amino acids and related compounds (6, 1) may be at times re- 
sponsible. 

Discussion. When a deficit in circulating hemoglobin is produced 
(anemia) there is a relatively prompt response by the body (measured in 
days) vdth the production of new hemoglobin and red cells. It is obvious 
from these experiments (table 1) that the production of new hemoglobin 
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increases as the hemoglobin deficit (anemia) becomes more severe and 
there appears to be some parallelism between the hemoglobin output and 
the severity of the anemia. This is a relative!}' simple response as the new 
hemoglobin can be measured and hemoglobin cannot be put away in some 
large hidden reserve store. 

Wlien a deficit in circulating filasma protein is produced in the dog (hypo- 
proteinemia) there is a complex response. There is a prompt (hours) 
inflow of needed plasma protein coming from reserve stores, also a more 
leisurely (days) appearance of new plasma protein coming from reserve 
stores and from food in the intestinal tract but tliis influx tends to bring 
the plasma protein levels back to normal. We believe that the plasma 
proteins and certain labile tissue proteins are in a fluid or dynamic equi- 
librium (3), wliich means that new plasma protein may move easily in or 
out of reserve stores held within tissue cells — a complex reaction which 
makes for uncertainty when one would measure the output of new plasma 
protein following plasma depletion. Nevertheless it is apparent that 
hj’^poproteinemia does, stimulate new plasma protein accumulation within 
the circulating blood plasma. 

When a deficit in hoth hemoglobin and plasma protein is produced simulta- 
neously (4) we observe preference being given to hemoglobin production 
no matter what diet protein is utilized — a totally unexpected response 
which is worthy of much study. It seems probable that in some way the 
responses to anemia and hj^poproteinemia are interrelated — that anoxeniia 
is not the only stimulus concerned in the production of new hemoglobin. 

SUMMARY 

A severe anemia level of 6 grams hemoglobin per cent in dogs gives 
maximal stimulus for the production of new hemoglobin. 

A moderate anemia level of 11 grams hemoglobin per cent under identical 
conditions gives a new hemoglobin pi-oduction of approximate! j' two-tliiids 
of this maximum (table 1). 

The term maximal anemia range is used to designate the difference be- 
tween a normal blood of 21 grams hemoglobin per cent and a severe aiicmia 
of 6 grams hemoglobin per cent = 15 grams hemoglobin per cent. A 
moderate anemia (11 grams hemoglobin per cent) represents an anemia 
range of 10 grams (21 — 11 grams hemoglobin) — or two-thirds of the 
maximal anemia range. 

The hemoglobin production therefore seems to run parallel to the degrw 
of the anemifi. 

One stirnuius to new hemoglobin production is believed to be anoxetimi 
but there may well lie other factons in this reaction. 
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ViollSe anSapiro'^tglo'-'shanr^^ patent ductus arteriosus (Keys, 
net (systemic) cardiac nnt \ t ^ Rnys, 1941) the estimation of the 

Gross (IMoLflectHlf^ f ®PP“S“-. B”™« ™'l 

be applied to such cond.r foragn-gas methods cannot 

The^SLTnt nTnt ‘Us belief is incorrect, 

conditions in i4inirs ° ‘“f ™‘. “ Seneral mathematical treatment for all 
lungsTnd to sn T^'’? ™i“«'atos through the 

emerge from this theototic?r»atysif 

(ItroghTndl M ''' P“P“ “PP'y "•nnlly to nitrous oridc 

iodide^fHr„?„‘“^‘^' i nnd Grollman, 1928), 

to aoeXef rotr istf T"*’ ^^S), and 

most widelv 7’ acetylene method has been 

sZoau^^^ of choice in this laboratory, so the 

sequent discussion ynU refer specifically to that method. 

iene dissoIwJ Henrj^’s Law applies, i.e., the amount of accty- 

acet\dene in fl ^ proportional to the partial pressure of 

average mrfinl^ directly proportional to the cjfecftrc 

total blond fl acetylene in the lung-bag system and to the 

total blood flow through the lungs in unit time. 

in the basic equation: 


(I) 


Cardiac output = oxygen consumption 
A.-V. oxygen difference ‘ 


ccmivnlo^T'''^^ ^ right heart or 
the 'te'irri; validity' of the equation if wc specify that 

which systemic output. Obviouslv, blond 

entnr^ fit f ^^^^rated with oxygen in the lung.s and then n- 

pu rnonatn cncuif. will not absorb more o.xj’gen nor will it lo.'^e 

20S 
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anj’^ if the partial pressure of oxygen in the lungs is kept at 100 mm. or 
above. Such blood vnll not, in general, participate in the oxygen ex- 
changes. With the foreign gas methods, however, the A.-V. oxygen differ- 
ence is obtained from the concentrations of the foreign gas and hence this 
must be considered in detail. 

Foreign-gas removal by the bhod. The arterial-venous oxygen difference, 
which must be knovm in order to use equation (1) above, is equal to: 


(2) A.-V. diff. = , (Grollman, 1932) 

where AOo is the difference in oxygen concentration between the first and 
second samples (corrected for the volume change of the lung-bag system), 
Cav is the average concentration of acet 3 dene in the lung-bag system during 
the period between samples, AC is the acetylene difference between the 
samples (coiTected for volume change) and Q is a constant for the solu- 
bility factor for acetylene in the blood at any given barometric pressure and 
lung temperature. The cardiac output is, therefore: 


(3) 


,, _ (BMR)(AC)Q 
(AO^KCav) ' 


In equation (3), Cav is the true effective average partial pressure of 
acetylene during the period when the acetylene concentration change, AC, 
was brought about. Now if Ca and Ch represent the concentrations of 
acetylene in the lung bag system in the samples taken at times U and U 
respectively, then the true average value Car , maj’- be calculated from the 

integral of — ^ = k, or 

LLi/ 

(4) = 

(5) A-.'f = log:o(^). 

Equations (4) and (5) represent, of course, the theoretical equation for a 
reaction of the first order; experimental verification of this equation is 
available and wiU be discussed later. According^, the average acetylene 
concentration in passing from Co to Ct is 

log Co + log Cl 
2 

Now the effective acetylene concentration causing absorption of acetylene 
by the blood is the difference between the average concentration m the 
lung-bag system and that in the blood entering the lungs, or Car = 
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Cav Cav . If the blood entering the lungs is a mixture of 0 parts of blood 
containing acetylene in equilibrium mth CL concentration and 1 - 
parts of blood c_ontaining no acet5dene, then the effective average concen- 
tration vdll be Cav = Cav — 4>Cav and the total cardiac output through the 
lungs vdll be 

(7) T// - (Bi¥ig)(AC)Q 

W.XCav-<i>C'avy 

^ The evaluation of Cav can readity be made in terms of the shunt-lung 
circulation time y and the total time i between ta and h when the lung-bag 
samples are taken. It can be shovm that: 

(8) c:. = 

Accordingly, equation (7) ma}’’ be written : 


V' = 


(BMR)(AC)Q 


and the true net output is 
(10) Vo = F'(l -4,)=^ 


{BMR){AC){1 - <I>)Q 


Now suppose we have attempted to calculate this output by the simple 
equation (3). The value we should obtain would be, as per cent of the 
true net output, 100 times the right hand term of equation (3) divided by 
the right hand term of equation (9), or: 


Per cent true Fo = 


(sy 


1 - <i> 


X 100. 


It will be noted from equation (10) that the true net (systemic) cardiac 
output will be underestimated if the simple equation (3) is used when 
there i.s a re-circulation because the ratio Ca/Cb must always be greater 

/C 

than 1.0 and hence the entire expression ( ''"ill greater than 

1.0 no matter what may be the values of y and /. Furthermore, y/i vill 
normally be only a fraction of 1.0 and C« — Ci, is ordinarii}* small compared 
Ca , i.e., C„/Cb will be con.cidcrably le.s.s than 2.0, fo the entire e-X'prc.ssion 

cannot be j/nfch greater than 1.0 and we may ox{)ect the error from 

the use of erjuation (.3) to be .small. 
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The magnitude of the error may be calculated for a sample case. The 
sample data given by Grollman (1932, p. 66) may be used. Here the 
corrected acetylene concentrations are Ca = 10.76, = 9.36. We shall 

indicate later that the lung-circulation time, y, is of the order of 3 to 6 
seconds. If we assume that y = 5 and that the time between samples is 
t ~ 10, we may calculate the effect of a “leak'^ or re-circulation of 40 per 
cent, that is, where 40 per cent of the blood ejected from the left ventricle 
passes through the ductus and makes a second transit of the lungs. In 
this case, then, the net cardiac output calculated by the ordinar}^ equa- 
tion (3) would be, as per cent of the tme net output: 


Per cent Vq = 


- 0.4 


10.76Y''“ 

9.36 ) 


X 100 = 


95.2, 


and the error would be onl}'- —4.8 per cent. 

When the ordinary calculation is made in cases with re-circulation the 
net output ivill be under-estimated by an amount dependent on the 3 
factors, Ca/Cb , y/t and "Vl'e ra&y consider the magnitudes of these 
factors indiidduallj’’. 

The ratio CJCb . In order to show what we may expect for values of 
CJCb we have analyzed all the data in the last 2 notebooks of this labora- 
tory, covering 89 consecutive acetylene experiments, 40 on patients with 
patent ductus arteriosus and 49 on normals and patients \vith lieart disease 
not involving re-circulation. In this series CJCb averaged 1.23, <t = 
±0.116 in the patent ductus arteriosus patients and 1.25, a = ±0.085 
in the others. The extreme range was 1.07 to 1.44 vath the exceptions of 2 
experiments of dubious technical validity where the apparent ratio CJCb 
was 1.47 and 1.57.^ The person on whom the highest ratio, 1.57, was 
found, has since been studied on 3 occasions where we found the ratios 
1.10, 1.18 and 1.28. 

The ratio y/t. The value of f, the time between the gas samples, is 
ordinarily of the order of 10 to 15 seconds, but the proper timing has been 
the subject of some discussion (cf. e.g., Starr and Collins, 1933; Gladstone, 
1935; Adams and Sandiford, 1941). It seems agreed that adequate mixing 
in the lung-bag sj^stem requires no more than about 6 to 8 seconds vdth 
proper breathing (op. cit.) and that has been our experience. Grollman 
(1932) reported that evidence of recirculation of systemic blood normally 
never appears before 23 seconds from the start of rebreathing and therefore 
the second gas sample can be taken at that time. Careful studies on a 
small number of persons in this laboratoiy indicate that an even longer 

These highest values, though questionable, were included in the averages cited 
above. 
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time, at least 26 seconds, may be used in subjects at rest. In normal sub- 
jects, then, t may be as long as 18 or 20 seconds. 

Where there is a shoi't-circuit re-eirculation through the lungs, howev'^er, 
the first gas sample should not be taken before blood in equilibrium in the 
lungs begins its recirculation via the short circuit. In other words, mixing 
in the lungs should be completed at least y seconds before the first sample 
is taken. We must consider the lung-circuit time, y, before deciding on 
the proper duration of i. 

The volume of blood in the lungs at any one time represents about 7 per 
cent of the total blood in the body (Spehl, 1883; Menicanti, 1894; Tiger- 
stedt, 1903). From this we can calculate that, in rest, the lung-circuit 
time would normally be about 4 seconds. Starr and Collins (1933) found 
the lung-circuit time to be “about 5 seconds” in direct experiments. 
Where there is a shunt involving re-circulation the lung vessels may be 
somewhat engorged (Keys, Violante and Shapiro, 1940) but the velocity of 
the total blood flow is, of course, higher than normal so that the lung- 
circuit time in these cases may even be less than in normal persons. 

From the foregoing, rve conclude that the first gas sample should be 
taken at around 13 seconds and if the second sample is taken at 25 seconds 
the ratio y/t is about 0.3 and even when the second sample is taken at 23 
seconds the ratio y/t should not exceed 0.5 in the absence of heart failure 
and pulmonary congestion. 

Tlie value of 0, The magnitude of the re-circulation, in patent ductus 
arteriosus has been estimated in 3 cases by Eppinger, Burwell and Gross 
(1941) from oxygen anal3'^ses for blood taken at various sites and times 
during operation to close the ductus. In spite of the diflScuIties of proper 
sampling and the abnormal conditions — anesthesia and the chest open ■ 
the values calculated are of interest. In 2 cases it was suggested that 
about 50 per cent of the left ventricular output passed through the ductus; 
in the third case a value of 77 per cent Avas obtained. In the latter case 
the calculated left ventricular output seems impossiblj’’ high — 25 liters per 
minute in a girl of 42 kgm. bod^’' weight Awth onlj’- “moderate cardiac en- 
largement.” The general conclusion from these studies would be that ^ 
may be around 0.5 in severe cases of patent ductus arteriosus. 

We have studied 27 cases of patent ductus arteriosus with our simulta- 
neous roontgenkATnography and acetA’lene re-breathing methods (Keys ct 
al., 1939, 1940). Repeated studies AA-ere made on man}' of these patients 
and the results AA-ere satisfactorA* in 22 of them. Ea'cji AA-ithout correction 
for the re-circulation effect the comparison of the strokc-A'-olume change 
of the heart AA-ith the acetylene remoA'al from the lungs permits an approxi- 
mate estimate of the A'.aluc of 4 >. These (uncorrccted) A’nluc.s for ^ range<i 
up to 0.7 in several very scA-erc casc.s and Avere of the order of 0,2 to 0.4 
in the majorit.v of the patients. 
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The range of values of (j) in interventricular septal defects is entirely 
conjectural at present. In general, we may expect that the shunt of blood 
from left to right heart should be of the same order of magnitude as in 
patent ductus arteriosus. 



Fig. 1. Values, on the rectangular ordinate, for the expression 



yU 


for various values of Ca/Ct and for y/t. 
Fig. 2. Values for 



on the rectangular ordinate, for various values of <l> and for 



(on the rectangular abscissa). 


The evaluation of equation (11). In order to illustrate the magnitude fo 
the total error and to facilitate calculations for particular cases, we have 

/CcY'* 

prepared three-dimensional graphs. Figure 1 gives values for ( 

corresponding to values of up to 0.7. Figure 2 

gives the values for the uncorrected cardiac output as per cent of the true 
net output corresponding to recirculation up to 60 per cent and values of 
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We have been able to use equation (11) to estimate satisfactorily the 
errors resulting from uncorrected application of the acet 3 dene method in 
22 patients with patent ductus arteriosus. The maximum error was -12 
per cent in an experiment with patient R. T., where ^ was about 0.6, 
CafCh was 1.21 and y/t was about 0.4. In other words, the uncorrected 
calculation gave a result 12 per cent less than the true net systemic output 
of the heart. The average error was —3.36 per cent, a = ±3.19 per cent 
for 41 separate experiments vdth the 22 patients. 

The reaction order for foreign-gas absorption. We have alreadj’- stated 
that the absorption of acetylene proceeds as a first order reaction. Theory 
demands tliis monomolecular reaction behavior and it is confirmed bj'' the 
fact that a straight line is obtained Avhen the logarithm of the acetylene 
content (or concentration corrected for volume change) in the lung-bag 
S 3 ’^stem is plotted against time (Gladstone, 1935). We have confirmed this 
result but such a test requires a very well trained subject and care in taking 
the gas samples at precisel 3 '’ the same phase of respiration. The test is 
much more simpty made b 3 '’ plotting the acetylene removal against the 
ox 3 ’-gen removal. 

If the blood flow and metabolism are constant, the removal of oxygen 
from the lung-bag S 3 ^stem proceeds linearly vdth time so long as the oxygen 
partial pressure is not allowed to fall below the point where the hemoglobin 
is practically saturated ^vith oxygen in the lungs. Accordingly the indica- 
tion that the acetylene absorption conforms to an equation of the first 
order is obtained if the plot of the oxygen content in the lung-bag system 
against the logarithm of the acetylene content conforms to a straight line. 
For “contents” the concentration.s, corrected for volume change ma 3 ^ be 
used, of course. 

Figure 3 reproduces the results of a typical experiment in which 9 suc- 
cessive gas samples Avere taken during rebreathing. Note that in such 
ex-periments Avith multiple sampling the Amlume change resulting from the 
AAuthdrawal of the samples must be alloAA'ed for in calculating the contents 
or corrected concentrations of the lung-bag S 3 'stem. Tliis point has been 
generally disregarded b3'- inA'estigators using multiple sample procedures. 

It is clear that the acetylene remoAml conforms closcb' to the expectation 
of a first order equation and that the rate of acetylene remoAml is constantb' 
proportional to the acetylene concentration from the time equilibrium is 
c.stablishcd (sample 3) for 6 samples, a period of 27.7 seconds in thi.s cn.'-c. 
Similar re.sults haA'c been obtained AA’ith all other .subjects tested, but the 
period of constant remoA'al rate is usimlh' somcAvhat shorter, aA'craging 
about 22 seconds in rest. 

Experiments like that depicted in figure 3 A'crifA' cfjuation.s (-1) and (5) 
aboA'e and .show that the final gas .samjde can be taken later than is eiir- 
rcntlA- be)i(jvod pos.rihle. The reason for the long “.saf(!” period for 
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sampling is undoubtedly that the first blood which carries acetylene in the 
S3'’stemic circulation loses most of this acetylene in equilibrating ndth the 
tissues before it returns to the heart (cf. Starr and Collins, 1933). 
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Fig. 3. Results of a typical acetylene re-breathing experiment in which 9 suc- 
cessive gas samples were taken. The acetylene and oxygen values in these samples 
have been corrected for the changes in the volume lung-bag system resulting from 
gas absorption in the lungs and from the withdrawal of the gas samples. Acetylene 
values on the ordinates, logarithmic scale on the left, linear on the right. 

Fig. 4. Values for — F in equation (14) on page 276, for various values of 
and Ci . -B is the error, in per cent of the true value, resulting from the use of the 
ordinary Grollman calculation for the average acetylene concentration in the lung- 
bag system between samples. 


Avevagc acetylene concentvation. It is obvious that the average acetylene 
concentration should be calculated according to equation (6) above. Con- 
versely, the ordinary Grollman calculation. 


( 12 ) 


/i" Ca + Cfe 

Cav = 


It is important, therefore, to discover the magnitude of the error resulting 
from the use of equation (12) rather than equation (6). It is readily 
shovm that the error resulting if the Grollman equation (12) is used would 
be, as per cent of the true output: 


( 13 ) B = 100^1 - ^) = 100 ^1 - 


\/2{Ca + a) 


log-U/2(log Ca + log Cb) 


)■ 


It will be noted that E must always be negative since the ratio of C" 
to Cav will always exceed 1.0; i.e., the ordinary Grollman calculation ^viII 
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always over-estimate the true average acetylene concentration and accord- 
ingly under-estimate the cardiac output. For this reason and to expedite 
calculation, equation (13) is more conveniently used in the form: 

(14) -E = log-' (2 log \{Ca + a) - Klog Ca -}- log C,) - 100. 

AppHcation of equations (13) or (14) to specific cases shows that the 
error is generally small and frequentl}'’ entirel3’' negligible. For example, 
E in the sample case from Grollman (1932, p. 66) is only —0.18 per cent. 
In some instances, however, it may be of consequence. Evaluation may be 
made from figure 4 m which we have plotted values for E for all values 
of Ca and Cb hkelj’’ to be encountered in combination. 

Oxygen exchanges. The negligible role of oxj’^gen exchanges in cases of 
recirculation has alread3’- been mentioned. This is not true if the oxygen 
partial pressure falls below the level at which the hemoglobin of the blood 
is effectively saturated in the lungs. At bod3'- temperature and a partial 
pressure of CO2 = 40 to 50 mm., human blood is about 96 per cent saturated 
with ox3^gen at 80 mm. Hg and 94 per cent at 70 mm. This means that, 
if the barometric pressure is 760 mm. the oxygen concentration in the 
lung-bag S3^stem would have to fall to around 10 or 11 per cent to produce 
a slight reduction in the rate at which oxygen is removed 1)3’’ the blood 
hemoglobin. It should be remembered that the oxygen gradient between 
alveolar air and arterial blood is onl3' 1 or 2 mm. when the ox3’’gen partial 
pressure in the lungs is of the order of 70 or 80 mm, (cf. e.g., Ke3'S, 1938, 

р. 610). 

The effect of changing partial pressure of oxygen in the lung-bag S3’'steni 
on the oxygen removed in simple physical solution in the water of the 
blood is, of course, directl3’’ proportional to the oxygen ]5artial pressure in 
the blood. If the arterial ox3’’gcn saturation falls as low as 90 per cent at 
the time of the second gas sample this would mean that the ph3'sicall3' 
dissolved ox3'^gen would 0013^^ be about 0.04 volume ]5er cent less than at 
the start. Since the total arterial-venous ox3"gen difference is of the order 
of 6.0 volumes per cent the maximum error from changing oxygen m 
physical solution is only about 0.7 per cent. 

Coronary circulation. If the re-circulation involved tis.sues which them- 
selves use up a large amount of oxygen from the blood these arguments 
would not appl3'. Such might lie argued for the special ca.se of the coronaiy 
circulation where the .situation i.s complicated for both ox3'gcn and acetylene 
or other foreign gas, Hamilton, Spradlin and Saam (1932) and Glad.slone 
(193.5) have sugge.sted that the return of blood from the neare.st circuit*-) 

с. ^pocialls’- the coronaries, con.stitute.s a re-circulation that begin.s so quicki> 
after the start of re-breathing that the whole experimental period .shouu 
be made ver3’ short — less than 15 second.s. 

A detailed anahv.sis of the coronarv rc-circulation effect would ha 
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lengthy for inclusion here but we niaj'’ state that the oxj'^gen usage by the 
heart itself is a part of the total metabolism and so its effect on the oxj’’gen 
exchanges need not be sjDeciall}'^ considered. Blood going through this 
S 3 'Stem would, however, return rapidly to the lungs and would tend to 
alter the acetylene exchanges on re-entry. Two points may be noted. 

In the lii-st place, the heart itself would absorb a considerable part of the 
acetylene contained in the blood making its first circuit through it and 
would tend to equilibrate with it vdth further portions of blood. The 
solubility of acetylene in muscle is not greatly inferior to that in blood and 
may even exceed it if much fat is present. In the second place, the 
coronaiy blood flow is onl}'- of the order of 10 per cent of the total cardiac 
output. Equations (10) and (11) apply and is about 0.1. It does not 
seem possible for the coronaiy flow to introduce anj’’ considerable or even 
appreciable error. Even if y/i should be as large as 0.7 or 0.8 the resulting 
error is onty of the order of 2 per cent. 

The cardiac index in 'patent ductus arteriosus. In all we have made 41 
satisfactoiy measurements of the net cardiac output under basal resting 
conditions in 22 patients ivith simple patent ductus arteriosus. None of 
these patients was in failure. By “satisfactory” is meant that all tech- 
nical details were unexceptional, duplicate analyses agreed and ade- 
quate bases were available to estimate the approximate correction for the 
re-circulation effect. This last averaged 3.36 per cent, vdth a maximum of 
12 per cent in one patient. The experiments were all made in a quiet 
room at 78°F. Bodj^ surface was computed from the height and weight 
by the charts of DuBois (1936). 

The cardiac index, liters of blood per square meter of body siuface per 
minute, averaged 2.45, a- == ±0.520, minimum 1.44, maximum 3.77, in 
this series. The average minimum for any one patient was 1.55, and the 
average maximum was 3.28. In 4 patients the cardiac index averaged less 
than 2.0. The range of these values is greater than and the average is 
slightly higher than for the large series of normal subjects studied in this 
laboratory. It is notable that the higher values tended to occur in pa- 
tients ivith elevated metabolism. 

The patients in this group averaged 15.7 years in age, ranging from 5 to 
35 years old. We are unaware of any acceptable standards for cardiac 
index on a group of normals of comparable age but all indications are that 
the basal cardiac index is not much different in a group of tliis age composi- 
tion from that found in young adults. The average cardiac index for 
normal young adults in this laboratoiy is about 2.4 under the same condi- 
tions used vdth the patients. 

It is clear that the average cardiac index in our series of patients ivith 
patent ductus arteriosus is either normal or close to it. In 4 patients 
(16.7 per cent) the index is definitety subnormal, but in 5 patients (20.8 
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per cent) the index seems to be above the normal expectation. This is in 
full agreement with our results vith patients vith compensated heart- 
disease of other types. 

Discussion. The analyses and arguments advanced here apply only to 
conditions where the timing of the gas samples is reasonably correct. 
The first sample should not be vdthdrawn before blood from the short 
circuit, containing acetylene in equilibrium vith the mixed gas, has made a 
re-entry into the lungs. The requirement that the second sample be 
vithdravTi before the rate of acetylene absorption in the lungs changes is 
not likely to be unfulfilled in rest, as pointed out above. 

We may inquire what would be the result if the first sample is with- 
drawn too earty, sa 3 ’- after mixing has taken place but before blood in 
equilibrium -with the mixed gas has been able to re-enter the lungs. For 
example, suppose mixing is complete in 8 seconds, the lung-circuit time is 
4 seconds and the first sample is taken at 10 seconds and the second at 22 
seconds. The w-orst imaginable condition would be where for 2 seconds 
re-circulated blood containing no acetylene Avould be entering the lungs 
where it w’ould, of course, absorb acetylene just like the true venous blood. 
This W’ould be the equivalent of a relative blood flow of 1 + instead of 1 
for ^ the period of measurement. If (f> were 0.5 the result would be that 
the net circulation Avould be over-estimated by about 10 per cent. 

Actuallj'’, during the initial 2 seconds of the period between samples the 
re-circulated blood entering the lungs would have far more than zero 
acetylene concentration. The proper expectation may be gauged from 
measurements of the rate of change of acetylene concentration in the 
lung-bag system during 3 or 4 seconds before mixing is complete. Experi- 
ments on this point indicate that in this period the alveolar air is less 
concentrated in acetylene than the bag gas but that if complete mixing 
takes 8 seconds the concentration in the alveolar air is not less than 80 
per cent of the concentration in the bag gas at G seconds. Accordingly 
the error in the case cited would only be an overestimate of the order of 
1 per cent. 

It is obvious that the danger of error of the type just discussed is slight. 
Here, as elsewhere in this paper, the conclusions with regard to timing 
refer onty to resting conditions and do not appty to exercising .subjects. 

iSIanj' arguments and suggestions have been made in the literatuie iis 
to large and difficultly controlled sources of error in the foreign-ga.s methw ^ 
for the estimation of the cardiac outjmt. We ma 3 ' divide these into 
groups, those having to do with standardization of phy.siological conditioris 
and excitement, and those having to do with re-circulation, mixing, anahsb 
and computation. The present paper ha.s to do with the latter grraip o 
potential source-s of ernir. It .seems that the.so are nothing like .so .senoio^ 
as i.s frequently supiiosed ami, in general, they ma}' bo almost complete y 
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eliminated if attention is paid to the lessons of considerations like those 
developed here. 

On the other hand we are con\'inced that the difficulty of ph 3 ’^siological 
standardization is generalty underestimated and tliis applies not onlj-- to 
the foreign-gas methods but to all other methods for circulation measure- 
ment. In our experience it is more difficult to attain reproducible cardiac 
output standardization than metabolic standardization and the en\dron- 
mental and psj'-chological conditions must be more rigorously controlled 
than for basal metabolism measurements. We deplore, therefore, the 
fact that this point is often neglected and this to an increasing extent as 
estimations of cardiac output are extended to a larger number of labora- 
tories and hospitals. 


SUMMARY 

Some fundamental kinetics have been analyzed for the gas absorption 
by the blood in the foreign-gas methods for estimation of the cardiac 
output in man. The discussion applies specifically to the acetylene 
method but the conclusions applj' to the other foreign gases. 

It is shown that the absorption proceeds according to an equation of 
the first order and the mathematical anatysis is developed accordingly. 

The condition where re-circulation occurs in the lungs is anatyzed in 
detail and equations are derived for the proper computation of the time 
S 3 ’’stemic circulation in such cases. The variables involved are the con- 
centrations of the foreign gas in the gas samples from the lung-bag system, 
the fraction of blood re-circulated, the short-circuit time, and the total 
time between samples. Graphs for computations mth these variables are 
presented. 

It is shovm that re-circulation through the lungs in conditions such as 
in patent ductus arteriosus or in inter-ventricular septal defects does not 
necessaril 3 ’^ introduce a serious error and that this error ma 3 ’- be estimated. 

It is shovm that re-circulation of blood from the coronary S 3 ’-stem cannot 
introduce an appreciable error. 

The error resulting from the common assumption that the absorption of 
the foreign-gas is linear with time is discussed and shovm to be ordinarity 
small. Means are provided to estimate this error by equations and a graph. 

Timing of the gas sampling is discussed. It is shown that the second 
sample may be taken later than is frequently believed possible. When 
there is re-circulation the first sample should be dela 3 '-ed 4 or 5 seconds but 
it is sho-^vn that 2 or 3 seconds are not critical. 

Results of 41 studies on 22 patients with patent ductus arteriosus are 
presented in summary form. The average cardiac index is normal or 
close to it in this group. 

It is indicated that man 3 ’' criticisms of the foreign-gas methods are in- 
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valid because they are based on quantitative misconceptions. On the other 
hand the importance and difficult}’- of physiological standardization in 
cardiac output measurements are frequently under-estimated. 
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From many points of view it is inifDortant to make a comparative study 
of the tolerance of the newborn and adult animal to oxj’-gen lack whether 
produced by partial or complete replacement of oxygen of the inspired air 
by nitrogen, or b}’- resphation of pure helium, nitrous oxide, cj’^clopropane, 
or carbon dioxide. These studies were not limited to the newborn but also 
include animals at various ages postpartum as well as fetuses in utero. 
Kabat (1) has already demonstrated the comparatively longer sur\dval 
time of the newborn during asphyxia. 

Method. Adults and infants of the following species were studied: rat, 
rabbit, cat, dog and guinea pig. Each animal was placed in a jar so ar- 
ranged that its contents could be rapidlj’- replaced bj’- any desired gas. In 
some experiments the temperature of the jar and that of the animal within 
were recorded. The criterion used to indicate survival was the persistence 
of respiratoiy efforts, the end point being the time when these movements 
could no longer be evoked. The effect of the injection of 5 mgm. of sodium 
cyanide was studied both in young and adult animals breathing air. Esti- 
mations of the blood sugar level, by the Hagedorn and Jensen method (2), 
were made on samples of blood collected from rats and puppies before and 
during anoxia. The blood obtained from the puppies was also analyzed 
for oxygen contents by the method of Van Slyke and Neill (3). Electro- 
cardiograms Avere recorded from these puppies. In order to estimate 
the influence of the brain on the length of the survival period, cerebral 
tissues were excised from rats of various ages and the oxj’-gen consumption 
was determined in the Warburg apparatus. Pregnant animals respired 
mixtures of 5 per cent oxygen in nitrous oxide until exitus. The fetuses 
were then removed b 3 '- Cesarean section and their behavior observed. 
Some of the pregnant animals v’^ere gmen lethal doses of sodium cyanide. 
After the mother succumbed, the fetuses AA’ere studied. 

Results. The adult rat exposed to an atmosphere of pure nitrogen 
undergoes a short period of excitement, becomes comatose, and succumbs 
after approximately 1.5 minutes. Figure 1 demonstrates that rats 1 day 

^ Aided by a grant from the Child Neurology Research (Friedsam Foundation). 

281 



282 


FAZEKA.S, ALEXANDER AND HIM'WICH 


of age sunave for about 50 minutes at an environmental temperature of 
approximately 24°C. The points on the curve represent averages of 
numerous observations. As the rat progresses in age liis tolerance to 
anoxia decreases and at approximate^ 17 days of age the sensitivity is 
like that of the adult. The oxj^gen consumption of minced cerebral tissue 
of infant rats of various ages reveals the following. From 1 to 10 days 
there are no significant changes. The cerebral metabolic rate, however, 
is well below that of the adult (4, 5). After 10 daj^s of age there is a rapid 
increase of the ox 3 ’’gen uptake of the infant rat brain. 


Effect of A<^e on Ce*^bral Oj Uptake and Anoxic 



Fig. 1 


The temperature of the newborn which apjjroximates that of his cn\4ron- 
mont has an important influence on the survival period. In a raised 
environmental temperature the surmval period is decrea.sed. At 1, 2, 4, 0 
and 7 da 3 \s of age the average survival periods were reduced and varird 
from 21 to 8 minutes as a result the environmental temperature being 
increased from 24 to 34°C. At either temperature the newborn far out- 


lasts the adult. 

Studle.s made on 20 newborn dogs reveal a survival period in nitrogen 
which ma}' be extended to 43 minutes for pupj)ics 1 daj' of age who aie 
memlxirs of a vigorous litter. This period becomes shorter during tin 
first week of life and in 1 observation of an animal 1 month of age, the time 
w-as reduced to 13 minutes. Analysis of repeated samples of arterial hloo' 
disclosr's that, it contains practically no oxygen within the error of t le 
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method after several minutes of nitrogen inhalation. The blood sugar 
demonstrates the asphyxial rise. Table 1 presents the survival period, 
blood glucose, and ox 3 ’^gen contents of some of the puppies studied. Among 
the newborn of other species it has been observed that on the average 5 
kittens respired from 20 to 30 minutes, 5 rabbits for about 17 minutes, and 
6 guinea pigs onl}^ 7 minutes in an atmosphere of nitrogen. 

The same differential effect produced b 3 ’' nitrogen can also be demon- 
strated b 3 ^ the use of sodium C 3 "anide. Concentrations which are lethal 

TABLE 1 


Survival periods of infant dogs respiring nitrogen 


AGE 

PERIOD IN 
NITROGEN 

CONDITION AT , 
TIME OF RE- 
MOVAL* 

TIME OF BLOOD 
COLLECTION 

OXYGEN CON- 
TENTS ART. 
BLOOD 

BLOOD SUGAR 

days 

minutes 


minutes 

volume per cent 

mgm. per cent 

1 

16 

D 

14 

0.23 


1 

20 

At 




1 

20 

D 

8 

0.71 

209 

1 

22 

A 

22 

0.02 


1 

29 

A 

13 

0.02 


1 

33 

A 

33 

0.00 


1 

39 

A 

39 

0.00 


1 

43 

D 

43 

0.60 


2 

24 

D 

4 

0.36 


2 

25 

A 

25 

0.72 


4 

22 

A 



i 

5 

8 

A 




6 

28 

D 

5 

0.04 

104 




11 

0.12 

354 




16 

0.05 

336 




21 

0.05 

394 

7 

17 

A 

17 

1 0.07 


13 

10 

A 

3 

. 0.71 

131 




9 


343 

30 

13 

D 





D = dead; A = alive, 
t After 2 months animal in good condition. 


to adult rats in 5 minutes permit infants to make respiratory efforts for an 
average of 61 minutes. It is interesting that the replacement of oxygen 
with nitrous oxide presents results exactly comparable with those of nitro- 
gen. Rats 1 day of age survive for approximately 48 minutes. This 
duration decreases with age. At 1, 2, 3, 6 and 8 da 3 '^s the period of tolerance 
averages 52, 43, 36, 21 and 13 minutes respectively. Experiments on 
newborn rats in helium disclose results similar to those observed with 
nitrogen and nitrous oxide. Rats and dogs subjected to 5 per cent ox 3 ’'gen 
in nitrous oxide far outlast those respiring pux’e nitrous oxide. The adult 
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rat lives for 14 to 20 minutes and the infant usuall}’- at least 12 hours. Two 
adult dogs survived for about 15 minutes while 4 infants in the same mix- 
ture lived from 50 to 200 minutes. Baby rats do not tolerate cai’bon diox- 
ide and C5'’clopropane as well as nitrous oxide but far outlive adults exposed 
to the same mixtures. The survival times with pure carbon dioxide at 
1, 2, 3, 4, 5, and 10 and 12 days of age are 23, 28, 13, 13, 7 and 5 minutes 
respectivety (25 observations). Twenty-four 1 day old rats lived in cyclo- 
propane from 13 to 35 minutes. Sixteen newborn rats submerged in 
water at 37°C. continue to make resphator}’- movements for long periods. 
They survive at least 40 minutes, recover, and apparently develop nor- 
mally. '^Tien the water contained india ink, granules of that substance 

TABLE 2 


Survival periods of neidborns of different species subjected to various procedures 


1 

NUMBER OF ' 
OBSERVATIONS ; 

AVERAGE SUR- 
VIVAL PERIOD 

AGENT 

SPECIES 

150 

minufes 

50 

Nitrogen 

Rat 

5 

25 

Nitrogen 

Cat 

IS 

23 

Nitrogen 

Dog 

5 

17 

Nitrogen 

Rabbit 

6 

7 

Nitrogen 

Guinea pig 

17 

20 

Nitrogen {32-35°C.) 

Rat 

15 

48 

Nitrous oxide 

Rat 

11 

26 

Carbon dioxide 

Rat 

24 ! 

24 

Cyclopropane 

Rat 

16 i 

40 

Submersion in water 

Rat 

9 

61 

Sodium cyanide 

Rat 

6 

52 

Helium 

Rat 


could be detected in the lungs of those animals that were sacrificed. The 
above results on the newborns are summarized in table 2. 

Five pregnant animals, 1 eat and 4 rats were subjected to a mixture of 5 
per cent oxygen in nitrous o.xide until exitus. The adult cat succumbct 
after 10 minutes but all her 4 fetuses respired spontaneously on rcmov a 
and sui-vived until sacrificed. Similar results were observed on the rats. 
Despite the anoxic death of the mother and the fact that the fetuses 'v'cre 
permitted te remain in utero 5 minutes thereafter some of them verc 
successfully raised by foster motheis. Fetuses breathing spontaneous \ 
were delivered from pregnant rats given a lethal concentration of sodium 
cyanide. These infants sunnved for varjing periods. 

Four to 5 dav' old infant dogs wliich breathed pure nitrogen for 7 to 
minutes .showed the following electrocardiogram change.®: fimt suni.-^ 
arrliythmia, then slowing of rate succeeded by disappearance of thcl’ 
within the first two minute.?. Vagal dominance is probably indicatef 
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during this period. Ventricular escape follows with nodal beats, idio- 
ventricular rliA^thm at a rate of 35 to 50 per minute. Then, possibly due 
to a diminution of the vagospasm, the P wave returns and after 5 minutes 
of anoxia, the rate\^ becomes more regular and faster than after the fii-st 
2 or 3 minutes. If the anoxia is still further prolonged, heart action gradu- 
ally weakens and cardiac standstill ma}^ be produced. 

In one puppy there was a shght elevation of the ST segment. Ectopic 
beats, auricular fibrillation and flutter were seen in another puppy after 
8 minutes. In different puppies SA node block, prolonged AV interval, 
occasional AV block, and bundle branch block were seen. Generally, with 
cessation of the anoxia the original rates returned with onlj'’ slight irregu- 
larities. The changes in the electrocardiogram are essentiallj'" similar to 
those obseiwed in adults but require more profound anoxia for develop- 
ment. It is significant that the heart continues to beat long after it is 
possible to evoke respiratorj’’ effects. 

Discussion. From these results it ma}’- be concluded that under a wide 
variety of conditions the newborn exhibit a greater tolerance to anoxia 
than the mature of the same species. Resistance, however, does vary 
among species and seems to depend upon the degree of ph 3 ^siological 
maturity at the time of birth. For example, the newborn rat, which 
survives for approximately 1 hour, is without hair or teeth, has unopened 
eyes, is totally dependent on its mother and acts like a bulbo-spinal animal. 
The newborn guinea pig, on the other hand, which lives in an atmosphere 
of pure nitrogen for only 7 minutes is a comparatively mature animal 
exhibiting coordinated locomotion, righting reflexes, temperature regula- 
tion and therefore a functioning cephalad portion of the brain stem. In 
all species thei’e is a loss of tolerance at a rate which seems to depend upon 
post natal development. For example, the rapidly developing rat at 18 
daj'^s of age exhibits the diminished adult tolerance while the more slowly 
maturing dog is more resistant than the adult at 30 da 3 '^s of age. Kabat 
(1), who studied the resistance of the canine brain to cerebral anemia, 
observed that the tolerance of the young dog gradual^ decreases until 100 
da 3 '-s of age, at which time it is indistinguishable from the adult. At this 
point it is interesting to compare the ages at which the ox 3 ’-gen consumption 
of excised brain of rat and dog attain the higher values of the mature 
animal. In the rat at 24 days of age the ox 3 '-gen consumption of the brain 
■ is like that of the adult (4) while the higher oxygen uptake of the mature 
dog is developed in the infant when it attains the age of 35 to 50 da 3 ’-s (6). 

Since sodium cyanide inhibits practical^ all tissue respiration b 3 ’' in- 
activating the heavy metal carr 3 'ing resphatory pigments, it might have 
been expected that the response to sodium C3’-anide would be similar to that 
with nitrogen. Nitrogen acts b 3 '- displacing oxygen while C 3 '’anide prevents 
the utilization of that gas. 

Despite a specific narcotic action of nitrous oxide the survival period of 



286 


FAZEKASj ALEXANDER AND HIM'miCH 


the infant rat in that gas was similar to nitrogen. Perhaps the lack of the 
development of the most cephalad portion of the neuraxis, the part of the 
brain where nitrous oxide may exert its primary narcotic effect, is the 
reason for the lack of specificit 3 L At a pressure of 1 atmosphere the action 
of nitrogen and helium are also similar on newborn and adult rats. These 
results are unlike those obtained vdth pressures greater than 1 atmosphere 
where nitrogen has a specific narcotic effect on the central nervous 
sj’^stem (7). 

The tolerance is not the same to all the gases studied. With carbon 
dioxide the survival period of the infant, though shorter than vuth nitrogen, 
was nevertheless still much longer than that of the adult in carbon dioxide. 
Among the factors which ma}’’ explain this diminished survival time of the 
infant are the acidit 3 ’^ of carbon dioxide and its narcotic action. Cyclo- 
propane similarly shortens sundval and exerts profound depression of 
respiration. The newborn rat in cyclopropane e.xhibits prolonged periods 
of apnea. 

It is worth 3 '’ of note that despite respiratoiy movements by infant rats, 
in some cases for 40 minutes, when submerged under water no immediate 
untoward effects are observed. From these experiments it ma 3 ’’ be seen 
that at least in the newborn rat respiratory movements in water for a 
period of 40 minutes have no deleterious action on the continued function 
of the respirator 3 ' mechairisms. 

• Since the newborn is more tolerant to anoxia than is its mother, it would 
be surprising if this same phenomenon did not hold antepartum. In our 
experiments uith pregnant rats and cats, which were subjected to 5 per 
cent ox 3 ’^gen in nitrous oxide, a concentration lethal to the mother in 
approximatel 3 ' 10 minutes left the fetus capable of spontaneous respiration 
as obserwed after deliver^" b 3 ' Cesarean section. These infants in man}' 
instances were making respiratory movements in utero. An accessory 
factor making for the survival of the infant during h 3 'poxia ma}' be the 
character of fetal hemoglobirr w'hich takes up relativel}' large amounts of 
ox 3 'gen even at low pressures of that gas. 

The long period of tolerance to nitrogen of infant dog and rat facilitates 
the obsen'ation of respiratoiy changes in response to anoxia. Ihc}' dis- 
close a resolution of the ph 3 dogcnetic development of the respiratory 
mechanisms. First apneusis develops with a long inspiratory phase indi- 
cating a depression of the jmeumotaxic centers in the pons and changes of 
vagal activity' (8). Next the apneusis becomes biphasic in character, as 
the long inspiration is divided in two by a short expiratory' effort. Apneusis 
is succeeded by' gasping respiration as only the lower medullary' centers aic 
left functioning. Finally after .spontaneous re.spiration ceases there is n 
period during wliicli respiratory gcisps may be evoked by' peripheral stiniu- 
latinn. If at any time the animals are permitted to respire air a recapitula- 
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tion of the respiratorj'^ changes is exhibited in the reverse order to that which 
is produced anoxia. 

In a consideration of the factors which permit the prolonged survival of 
the infant, the observation that increase of the temperature shortens 
survival time indicates the importance of metabolic rate. Thus the 
poikilothermia exhibited bj’- the newborn rat maj’- be considered a protective 
mechanism. The studies of the cerebral metabolism indicate that the low 
rate in the newborn may facilitate sundval. For example, in the rat after 
the 10th day postpartum when the rate of cerebral metabolism begins to 
rise rapidly the sundval period approaches the short adult time. Brain 
metabolic rate is not the onlj'- factor for it does not undergo significant 
changes during the first 9 da 3 ’’s of life, a time during which tolerance to 
anoxia decreases rapidly. Since the puppies in nitrogen survive despite 
anoxia, it is obvious that there must be anaerobic sources of energ 3 L These 
anaerobic mechanisms will be discussed in the subsequent paper. 

SUMMART AND CONCLUSIONS 

A study is made of the tolerance to anoxia of the adult and infant of 
various species, rat, dog, cat, rabbit and guinea pig. Anoxia was produced 
bj’’ the respiration of nitrogen, nitrous oxide, helium, carbon dioxide, and 
cyclopropane and submersion in water. The newborn exhibit an extra- 
ordinary tolerance in comparison with the mature animals of the same 
species. The period of tolerance, however, is not the same in the various 
species studied being longest in the physiologicall}’’ immature newborn rat 
and shortest in the comparative^ mature guinea pig. Blood studies 
reveal that newborn dogs survive despite the fact that then’ arterial blood 
contains practicall}'’ no oxygen after the first few minutes of anoxia. Among 
the factors permitting surmval of the newborn rat and puppy is poildlo- 
thermia, a fall of temperature diminishing the metabolic demands. An- 
other factor is the lower cerebral metabolic rate demonstrated in the rat 
and dog. Fetuses delivered from mothers who had succumbed to anoxia 
produced by inhalation of 5 per cent oxj’^gen in nitrous oxide or the injec- 
tion of cyanide respired spontaneously on delivery and some were raised 
by foster mothers. 
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Cori (1925) has shown that the absorption of glucose (and galactose) is 
considerably more rapid than that of other monosaccharides such as 
mannose and xylose. He concluded that an active process is involved in 
the absorption of the former. Willbrandt and Laszt (1933) found that 
monoiodoacetate reduced the rate of absorption of glucose to that of 
mannose and xylose, indicating that the process involved phosphorylation 
of the glucose molecule. This work has been amply confirmed (Verzar and 
McDougall, 1936). Furthermore, Reiser (1940) found that during glucose 
absorption the inorganic phosphorus content of the intestinal mucosa 
was decreased, while that of the ester phosphorus was increased. 

The Hobers (1936) found that the absorption of various amino acids 
was faster than their molecular mobility would indicate, when compared 
with other nitrogenous organic compounds, and concluded that some 
process other than simple diffusion was active in absorption of amino acids. 

The present experiments were undertaken to determine to what extent, 
if any, these apparently active processes involved in the absorption of glu- 
cose and amino acid are affected by oxygen want. 

Methods. Pairs of dogs of as nearly the same weight as possible ^ycrc 
used, one dog of a pah as a control and the other subjected to anoxia m a 
low pre&surc chamber. Partial pressures of oxygen used were 117, 01, SO, 
63 and 53 mm. Hg, corresponding to altitudes of 8,000, 14,000, 18,000, 
24,000 and 28,000 feet rc.spectively. 

Anesthesia was induced w'ith ether and continued with sodium barbita , 
220 mgm./kgm. A loop of intestine was prepared Avhich consi.stcd of tim 
ileum and most of the jejunum. Loops in pairs of dogs were measured to 
be tlie .same length. When the substance to be absorbed was glucose, the 
loop was wa.shed with isotonic .saline; for gl 3 'cine absorption, it was waslat 
with isotonic glucose. The intestine was gently' stripped between the 
fingei-s to remove all w.'ishings. 

Glucose .absorption: Isotonic glucose .solution (5.4 j)cr cent) at 38 . > 
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was placed in the loop, in quantity sufficient to fill but not distend it; it 
was then tied off and returned to the peritoneal cavity. The experimental 
animal was placed in a low pressure chamber for ninety minutes, the con- 
trol being kept at atmospheric pressure for the same time. The solution 
remaining in the intestine was then removed and measured. A sample was 
diluted and analyzed for glucose by the method of Folin and Wu. 

Glycine absorption: The procedure was the same as above, using isotonic 
glycine (2.3 per cent), which was alloived to remain in the loop for thhty 
minutes. Analysis for glycine was bj’- Danielson’s modification of Folin’s 
method (Danielson, 1933). 

At least eight, usually ten or more dogs were used at each barometric 
pressure for each substance. Nearly all the experimental animals were 

TABLE 1 

Effect of anoxic anoxia on the absorption of glucose and glycine 


155 mm. 
(Control) 

117 mm. 

94 mm. 

80 mm. 

03 mm. 


OXYGEN TENSION 


53 mm. 


Approximate altitude 



800 ft. 

8,000 ft. 

14,000 ft. 

18,000 ft. 

24,000 ft. 

28,000 ft. 

Number of 
animals 

Per cent ab- 
sorption 

Number of 
animals 

Per cent ab- 
sorption 

P* 

Number of 
animals 

Per cent ab- 
sorption 

P 

Number of 
animals 

Per cent ab- 
sorption 

P 

Number of 
animals 

Per cent ab- 
sorption 

P 

Nurnber of 
animals 

Per cent ab- 
sorption 

p 

Glucose 

51 

00.2 

8 

59.3 

bIM 

9 

59.9 

M 


04.1 

m 


05.1 

li 

25 

m 

Q 

Glucose solution 

51 

58.2 

8 

51.4 

0.48 

9 

43.7 

K ! 


53.9 

0.02 


51.9 


25 



Glycine 

08 

50.1 

10 


ESS 

9 

55.1 

! 


01. 0 


^9 

02.1 

0.18 



m 

Glycinesolution 

08 

47.0 

10 

52.3 

1 

9 

45.4 


^9 

54.8 


^9 

53.8 

0.25 



H 


• Probability of the difference from the control occurring bj' chance. Should be less than 0.05 to be sig- 
nificant (Fisher, 1932). 


paired with controls, which resulted in large control series for both glucose 
and glycine. 

Results. The results obtained are summarized in table 1. It can be 
seen that both glucose and glycine are absorbed from isotonic solution faster 
than the water in which they are dissolved. The rate at Avhich glucose is 
absorbed is depressed slightly at the relatively higher pressures used, 
practically unchanged at intermediate ones, and increased at the lowest 
(oxygen tension, 53 mm. Hg, a simulated altitude of 28,000 ft.). None of 
these changes is statistically significant, although the increase in absorption 
at 53 mm. Hg oxygen tension is nearly so. 

The absorption of fluid roughly parallels the absorption of glucose, ex- 
cept at 94 mm. Hg oxygen tension, where it is depressed, though not 
significantly, more than glucose absorption. 
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The rate at which glycine is absorbed is essentially unchanged until an 
oxygen tension of 53 mm. Hg is reached, where it is significantly depressed. 
Again the fluid absorption rouglily parallels the absorption of the solute, 
at a somewhat slower rate. 

Discussion. Since the increase in absorption of glucose at 53 mm. Hg 
ox 3 ’’gen tension was quite marked but not statistically significant, an at- 
tempt was made to determine whether or not it was genuine. 

Originally ten dogs had been subjected to this pressure; more experiments 
were done; but when a total of twenty-five dogs had been used without any 
important change in the results, the attempt was abandoned. After the 
first ten experiments, Fisher’s formula showed seven chances in a liundrecl 
for the results occurring b}’’ chance. ’\Mien the series of twenty-five were 
analyzed, the result was nine chances in a hundred. It is not practical to 
work with barbitalized dogs at any lower oxygen tension, as at 53 mm. Hg 
about one fourth of the dogs used die before the experiment can be com- 
pleted. However, there is certainty no decrease in absorption at 53 mm. 
Hg partial pressure of ox 3 ’-gen. 

Colowick, Welch and Cori (1940a) found that in Iddney extracts oxida- 
tion of a dicarboxylic acid is necessary for phosphorylation of glucose. 
They further state (1940b) that phosphorylation precedes this oxidation, 
the latter process being necessary- for the continuance of the reaction. 
They found this to be true also for brain extract. 

If absorption of glucose bj' the intestinal mucosa is dependent on plios- 
phorjdation, it is rather surprising, in view of the above related facts, that 
anoxia does not retard its absorption even in the group of animals sub- 
jected to verj’- severe degrees of anoxia. It appears likely, therefore, that 
phosphorjdation in the intact mucosa maj’^ depend on a somewhat different 
mechanism than that investigated by Colowick ct al. Gill and Leliman 
(1939), for instance, report that the formation of tlie Robison ester from 
gtycogen is inhibited by oxidizing agents and increased bj*^ reducing agents. 

The maiked depression of the absorption of gl^^ine at 53 mm. Hg partial 
pressure of oxygen suggests the possibility that an oxidative procc.-^s maj 
be directh’’ involved in the absorption of glycine; certainty it appears that 
the jn’oeess is a different one than that involved in the absorption of glucose. 

An interesting point is the close parallelism between the absorption of 
these .substances and the water in which thG 3 '’ ai'c dissoh'cd. It api)ears 
that an 34 hing which alters the rate of absorption of the solute, at least 
when it is pre.?en(. in an isotonic solution, alters in a .similar mannci the 
absorption of the solvent. We have noticed this phenomenon in working 
with .sub.stanccs other than glucose and gtycine. 

In sttatying far-tor.s affecting absorption, (he question alwa}'.'^ .an.-es a> 
to whether or not changes in the circulation are involved. There seeiii^ 
to be little doubt that cardiac output is increased in anoxic anoxi.a fH.U" 
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rison et al., 1927; Strughold, 1930), but whether or not there is increased 
blood flow in the splanchnic area does not seem to have been determined. 
In the experiments herein reported, since anoxia produced different effects 
on the absorption of different substances under the same conditions, it is 
believed that circulatoiy changes were not an important factor. 

SUMMARY 

1. Anoxia up to and including 53 mm. Hg partial pressure of oxygen 
does not alter significantly the absorption of glucose from the small intes- 
tine of the dog. 

2. Anoxia at 53 mm. Hg oxygen tension, but not higher partial pressures, 
significantly depresses the absorption of glycine. 

3. The experiments suggest that possibly an oxidative process is dnectly 
involved in the absorption of glycine. The significance of the lack of effect 
of anoxia on glucose absorption is discussed. 
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If veins were rigid tubes, then a change in mean right auricular pressure 
would cause a corresponding change in the peripheral venous pressure, 
provided the velocity of blood flowing along the veins remained constant. 
However, veins are not rigid, but collapsible, and it has been shown by 
Lyon, Kennedy and Burwell (1938), and by Holt (1940), that peripheral 
venous pressure, referred to the level of the heart as zero, is increased when 
the vein is above heart level because the veins collapse. Carrier and Rch- 
burg (1923) have also shown that the collapse of peripheral veins and 
capillaries may maintain capillary pressure at a high level when the capil- 
lary is above heart level. 

Since veins are collapsible tubes, and the pressure in the right auricle 
is generally agreed to be subatmospheric, and there is a small positive tissue 
space pressure around the veins tending to collapse them, it was thought 
that changes in mean right auricular pressure might not affect peripheral 
venous pressure because the veins just before entering the chest might be 
partially collapsed. 

Methods .a.nd results. When the veins entering the upper end of the 
thoracic cage were dissected out in the living dog, they were seen to l>e 
normall}’’ partially collapsed or to dilate and collapse .synchronously with 
respiration. When the animal breathed air which was under a negative 
jnessiire the veins were seen to collapse more completely, and when .an 
under a positive prc.ssure was breathed the veins became dilated. Ihc 
inferior vena cava was .seen to collajxsc, after di.ssecting the liver away from 
it, when air under a negative pressure was breathed, but was not .scon to 
collapse with normal respiration. 

In ton barbit.alizcd dogs with the chest closed, and j)laccd in the supine- 
position, mean periphend venoii.s pre.ssure was mea.surcd in the femora , 

* A preliminary' report of tbi.*? work was given at the meeting of tlic American 
Physiological Society in Chicago, 1911. 
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cephalic, or jugular vein b}' a modification of the method of Moritz and 
Tabora (1910). At the same time mean right auricular pressure was 
measured bj’' means of a saline manometer connected to a caimula that 
passed into the right auricle by wa}^ of the external jugular vein. The 
venous pressures were referred to the level of the cannula tip in the right 
auricle as zero. In some cases peripheral venous and auricular pressure 
fluctuated several millimeters with each respiration; in these cases the 
pressures were read at the peak of inspiration and at the peak of expiration 
(fig. 1). The trachea was cannulated and connected to a breathing cham- 



Fig. 1. The effect of changing the breatliing chamber pressure on right auricular 
and femoral venous pressure, -r, above atmospheric pressure. — , below atmos- 
pheric pressure. 

her in which the pressure was varied between twenty centimeters of water 
above atmospheric and twenty centimeters below. The chamber was 
built like a spirometer and had a volume between twelve and fifty liters in 
different experiments. The spirometer was ventilated with fresh air at a 
rate of fifteen liters per minute. The dog breathed from the chamber con- 
tinuously', and Avhen the pressure in the chamber was changed to any 
positive or negative value five minutes or longer were allowed before the 
venous and auricular pressure readings were taken. When the chamber 
pressure was increased the intra-thoracic pressure was inci’eased and 
auricular pressure rose; when the chamber pressure was decreased the 
intra-thoracic and auricular pressures decreased. 



294 


J. P. HOLT 


The results of a typical experiment measiuing auricular pressure and 
femoral venous pressure are shown in figure 1. ^^Tien the breathing cham- 
ber pressure was increased the auricular pressure and peripheral venous 
pressure increased. '\^Tien the chamber pressure was decreased the auricu- 
lar pressure decreased but the peripheral venous pressure did not change. 

Similar results were obtained on the jugular and cephalic veins with the 
exception that when the cephalic vein was used a rise in auricular pressure 
of a few centimeters of saline caused no increase in cephalic venous pres- 
sure, but a further rise in auricular pressure caused an increase in cephalic 
pressure. With the dog in the standing position results similar to those ob- 
tained on the femoral vein were obtained on the femoral and cephalic veins 
with the exception that a slight decrease in auricular pressure generally 
caused a decrease in peripheral venous pressure, but on further lowering 
auricular pressure the periphei’al venous pressure remained constant. In 
all of the experiments described the vein was held below* heart level. If 
the vein was held above heart level auricular pressure had to be increased 
several centimeters of saline before there wms any rise in the peripheral 


venous pressure. 

The maintenance of a high peripheral venous pressure wdien the auricular 
pressure wms low^ might be explained by an increased rate of flow along the 
veins resulting from an increased cardiac output when the intra-tiioracic 
pressure was low. In order to rule out this possibility a portion of the 
venous system of a dead dog was perfused wdth saline. The brachial, 
axillaiy, subclavian and iimominate veins on one side, and the superior 
vena cava w'ere dissected out, left in place, and all side branches entering 
these veins w^ere tied. This left one large vein, with no open side branches, 
extending from the antecubital space to the right auricle. The brachial 
vein was cannulated in the antecubital sjiace and the superior vena cava 
cannulated at the lei’^el of the right auricle. Tlxis system was j)crfu.scd \vith 
saline, under a constant head of pressure, through the peripheral end of the 
brachial vein. The pressure in the peripheral brachial vein and in the 
superior vena cava was measured. AVith subatmosphcric pressures in the 
superior vena cava the results were comparable to those obtained in the 
experiments on the femoral vein in the living dog. A similar experiment 
was performed on the inferior vena cava with like results. Thus il. 
shown that it was not necessary for the rate of flow along the veins to in- 
crea.se in order to maintain a constant peripheral venous ])rcssure when the 


auricular pressure wa.s greatly decrea.sed. 

In order to study how the coilap.se of veins might alTect perijihoral venous 
pressure a model (fig. 2) wa.s set up using thin wmiled rubber tubes to repm- 
sent veins or u.sing tiie e.xf.-ised jugular vein of the dog. AVater flowed from 
the Mariot bottle re.servoir alonsr heavv walled rubber tubing to a .setdion 


of eollapsiide tuliing a.nd out through more heav}’ w'alled rubber 


tuhing. 
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The pressures, P\, above the collapsible segment, and Po, below the col- 
lapsible segment were measured simultaneous^’' with the rate of outflow. 
The collapsible segment was surrounded by a glass Jacket in which the 
pressure was varied at will. The factors controlling the rate of flow of 
water thi'ough the collapsible tubes were studied by changing one of the 
above pressures, keeping the other two pressures constant, and measuring 
the rate of outflow into a graduate cylinder. In this system, when the out- 
let tube was lowered to a certain point, the pressure at P2 became subat- 
mospheric; thus Po corresponded to the auricular pressure, and Pi to the 
peripheral venous pressure in the dog, while the jacket pressure corre- 
sponded to the tissue space pressure. 



The effect on Pi of changing P2 is shown in table 1 A. When P2 was 
above jacket pressure (atmospheric in this case) and the tube was dilated, 
lowering P2 caused a decrease in Pi, and this continued until P2 became 
slightly subatmospheric at which point the tube collapsed. Further 
decrease of P2 caused no change or a slight increase in Pi. 

The effect of changing P2 on the rate of outflow is shown in table 1 A. 
When P2 was above atmospheric pressure and the collapsible tube was 
open, lowering P2 caused an increase in the rate of outflow until P2 became 
slightly subatmospheric at which point the collapsible tube started to col- 
lapse. As the tube started to collapse it began to pulsate and as P2 was 
further lowered the rate of pulsation became more rapid. Finally when 
P2 was lowered still further the pulsation apparently stopped and the tube 
remained partially collapsed. Loweiing of P2, once the tube had begun to 
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pulsate or to collapse, caused no change in the rate of outflow or a slight 
decrease. 

The effect of changing Pi on the rate of outflow with the tube open and 
again Avith the same tube partially collapsed, is shown in table 1 B. As 
Pi increased the rate of flow increased in the open tube and in the par- 
tially collapsed tube. In both cases the increase in rate of flow was shown 
to l^e a linear function of the increase in Pi when the data Avere plotted on 
graph paper. 


TABLE 1 


Flow of water through partially collapsed and open tubes 


A 

Open tube 

3 

Partially collapsed 
tube 

C 

Pi 

m 

Pi- 

Pi 

Flow 

Tube 

R 



R 




nQj 

Flow 

R 

cm. 

cm. 

m 

cc./ 

mmm 


cm. 

cej 


cm. 

cc./ 


cm. 

cc./ 


lliO 

HiO 


min. 



JltO 

min. 


UtO 

min. 


HiO 

min. 


23.7 

23.4 

■1 

31.5 


0.0095 

7.3 

74 

0.012 

19.45* 

03 

0.70 

22.3* 

30 

1.60 

14.3 

13.9 

Bi 



0.011 

■iwil 

182 

usB 

21.0 

140 

0.34 

21.5 

75 


0.7 

0.2 

0.5 

45.0 


PiwTl 

8.85 

270 

0.0089 

21.0 

200 

0.25 

21.0 

98 


0.0 

-2.4 

2.4 

45.5 

Pulsnting 

0.052 


372 


22.8 

279 

0.18 

20.4 

122 


0.3 

-12.1 

12.4 

45.6 

Pulsating 

0.27 


480 

MBHll 

24.0 

300 

0.14 

19.0 

176 






faster 











1.0 

-45.4 

4G.4 

44.4 

Collapsed, 

1.04 














no pulse 











l.C 

-105.4 

107.0 

44.0 

Collapsed, 

2.43 














no pulse 













A, cfTcct on Pi and on Uio rate of flow throuRh the jugular vein of changing Ps. B, effect of changing P 
on the rate of flow through a thin walled collapsible rubber tube 7 mm. in diameter (in the open tube Pj” 6A 
cm. of water, jacket pressure = atinasphcric: in tho partially collapsed tube Pi —28.6 cm. of water, jacket 
pressure = 19.9 cm. of water). C, effect of changing the jacket pressure on the rate of flow through tho par- 
tially collapsed rubber tube (Pi = 21.3 cm. of water. Pi = — 2S.5 cm. of water). J.P., jacket pressure. R 


resistance. — . mimes. 

* It took npp.'oximatcly 1 cm. water pressure to overcome the elasticity of the rubber tube and to collaiJfO it, 
thu.s the jacket preasure is slightly higher than Pi here. 


The effect of changing the jacket pressure on the rato of flow when Pi 
and Ps were kept con.stant is .shoAA'n in table 1 C. As the jacket j)re.s.sure 
decreased the flow incrca.scd. 

The fact that the rale of Aoaa' did not increase Avhen Ps Avas decreased, 
onec the tube was partially collapsed (table 1 A), means that the rc.si.slanco 
to flow through the partially collap.sod tube increased as P» deerea.sefh 
'i'he resistance to flow may be ealculated from the; data in table 1 u.sing the 

conventional formulation, li = —An With the vi.«eo.sity eon.stnnt, 

I* low 


is the ease in these experiments, the increa.se in /? as the lube collapse. ^ 
iniist be eaus^fl Ijy a decrcatse in the ero.ss-seetional area of the colIap''f'<> 
segment, to an irierea‘-e in turbulence, to an increa,se in the length of tla- 
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partialljr collapsed segment, or to a combination of these factors. No 
increase in the length of the partiallj’’ collapsed segment was detected. 

Table 1 A shows that in the iiartially collapsed tube the resistance in- 
creased as Po decreased, and table 1 B that the resistance deci’eased as the 
flow increased and as Pi increased, and table 1 C that the resistance de- 
creased as the jacket pressure decreased. 

The length of the collapsible tube had little effect on the flow, since 
similar results were obtained on a collapsible tube 80 cm. long and on 
another 2 cm. long. When the longer tube collapsed the collapsed seg- 
ment was always at the downstream 1 or 2 cm. of the tube, the rest of the 
tube remained open unless the flow through the system was veiy small. 
It appears that it was onl}^ necessaiy for the collapsible tube to be long 
enough and relaxed enough to collapse to give the effects of collapsible 
tubes described above. 

The pressure : flow graphs that w’ere plotted from the data in table 1 B 
were straight lines, \vhereas in experiments on smaller tubes, such as the 
jugular vein, the pressmniflow graphs were smooth curves convex toward 
the flow axis. This apparently is the result of the abrupt change in cross- 
section, M'hich occurs at the point where the cannula tips are tied into the 
vein, causing the flow to be turbulent (Dodge and Thompson, 1937). 
However, qualitative results similar to those described in table 1 were 
obtained on these tubes. 

Discussion. The fact that peripheral venous pressure remained con- 
stant -when auricular pressure was decreased greatly and in some cases 
when auricular pressui-e ivas increased a small amount may have been 
caused in part by the change in auricular pressure being associated with a 
change in cardiac output and vdth a change in the rate of flow of blood 
along the veins. However, since the veins Avere seen to collapse, and since 
similar results were obtained on the excised jugular vein in a model, and 
on the dead dog’s venous sj^stem acting as a model, it would appear that 
the collapse of the veins near the heart ivas an important factor in main- 
taining the peripheral venous pressure nonnal when auricular pressure 
changed. 

Since auricular pressure may change independently of a change in periph- 
eral venous pressure, it appears that the usual clinical measurement of 
venous pressure may give little indication of the pressure in the right 
auricle. 

In the collapsible tubes studied here, the resistance to the flow of water 
decreased as the head of pressure. Pi, increased and as the jacket pressure 
decreased. Lowering the pressure on the doAvnstream side of the collaps- 
ible tube increased the resistance to flow. Thus collapsible tubes differ 
from rigid tubes in that the resistance to flow remains constant in rigid 
tubes as the pressure-drop across the tube changes (so long as the flow is not 
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turbulent), while in collapsible tubes the resistance changes as the pressure- 
drop across the tube changes. Although the increased resistance to flow 
offered by the partially collapsed tube might be caused in part by an in- 
crease in turbulence at the partiall\’- collapsed segment, it seems certain that 
part of the increased resistance is caused by a decrease in cross-section of 
the segment, since the cross-section is observed to decrease in size when the 
tube collapses and appears to decrease still further the more the tube be- 
comes collapsed. 

It should be noted that in the graphs plotted from the data in table 1 B 
the pressure: flow line was steeper in the collapsed tube than in the open 
tube, that is, it took a greater increase of Pi in the partiallj"^ collapsed tube 
than in the open tube to cause a given increase in flow. The pressure: flow 
lines became steeper as the collapsible tube became more collapsed, i.e., 
at higher jacket pressures. This was the case in both the jugular vein and 
the thin walled rubber tubes. The reason for the greater slope of the pres- 
sure : flow line when the jacket pressure is higher is not clear. 

Since the collapsible tubes studied show pulsation in the early part of the 
collapsing process, there is the possibility that some part of the venous 
pulse seen in the veins entering the chest ma}’’ be caused by this type of 
pulsation. Also, since the veins entering the chest do collapse when there 
are moderate negative pressui*es in the right auricle, and since it has been 
shown that decreasing the pressure on the downstream side of a partially 
collapsed tube does not increase the rate of flow through the tube, it seems 
that this collapse of the veins entering the chest may be a mechanism which 
insures a normal flow of blood into the heart but prevents over-filling of the 
heart and intra-thoracic vessels when large negative pressures are present 
in the chest as in Muller’s experiment or when a deep inspiration is taken. 


STUmAKV 

Right auricular and peripheral venous pressures were measured in dogs 
breathing from a chamber in which the pressure varied between 20 cm. 
of water above atmospheric and 20 cm. below. It was shown that when 
auricular pre.ssure was decreased greatly and in some cases when auriculai 
pre.ssurc wa.s increased slightly the peripheral venous pressure remained 
constant. In most cases when auricular pressure increased the peripheral 
venous pressure was increased. 

The flow of water through collapsible tubes such ns the jugular vein of f lie 
dog wa.s studied in a model. When fluid is flowing through a partial!} 
collan.-ed tube, increasing the pre.=:surc on tin; upstream side of the pjirtiali} 
collapsed segment decre.ases the resistance to flow through the collajrsihle 
segment and increases the rate of flow, wliere.as lowering the pr(;ssure on 
the downstream side of the eollapsible segment increa.‘--es the rc-sisfance to 
flow tluough the collapsible segment and either floes not change the. rate o 
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flow or decreases it slightly. An increase in the jacket pressure around the 
collapsible tube increases the resistance to flow through the collapsible 
segment and decreases the rate of flow. 

As a collapsible tube, having fluid flowing through it, starts to collapse 
it pulsates and as it becomes more collapsed the pulsation increases in 
rate on further collapse the pulsation apparently disappears. 

The length of the collapsible tube is not important in controlling the 
length of the partially collapsed segment. It appears to be only necessary 
that the tube be long enough and relaxed enough to collapse in order to 
give the results described, and anj"^ length of collapsible tube greater than 
this length merely acts as a dilated or rigid tube. 
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Ray et al. (1939) claimed that gelatin feeding caused an increase of 37 
to 240 per cent in the amount of work performed by male subjects. Since 
their experiment lacked controls, and the effect of training was under- 
estimated, it seemed of interest to undertake further experimentation with 
gelatin feeding. 

Five series of tests were performed. Conirollcd diet: 1, county jail 
inmates, bicycle riding; 2, campers, swimming. N on-controlled diet: 3, 
YjMCA members, heavy-weight lifting; 4, YjMCA members, wall-weight 
pulling; 5, college students, bicycle riding. 

The reasons for using groups with non-controlled diet were: 1, it was 
desirable to repeat the experiment in a manner approximating the pro- 
cedure of Ray and his co-workers, and 2, it was impossible to control the 
diet of some men bej^ond a request that they remain on their usual diet. 

Experim-cnts with county jail inmates. Twelve men, free from disease, 
were selected from a large number of volunteers. Eleven of the men weie 
white and one was colored. The ages varied from 18 to 50 years. 

The whole experiment may be subdivided into three periods : 

1. Four weeks (one hour a day, five days a week) of building-up exer- 
cises for the legs and back muscles, because some of the men were not fit 
to work on the ergometers due to long enforced inactivity. 

2. Five weelvs of preparatory work on ergometers, with a gradual increase 
in rate of work starting from 0.06 H.P. The men worked five days a ucc ' 
(Saturdays and Sundays were excluded). 

3. Period of actual expeiiracntation. which varied from six to U\c \o 
weeks. The rate of work varied for different merr from 0.159 to 0.2r ^ 
H.P. (table 1). Work started after breakfast and continued as long as t it 
subject could maintain a predetermined number of pedal revolutions per 
minute. When the riding continued for several hours, a subject * 
dismount and .spend half a minute in going to the toilet (located in t it 
experimentation room), but this did not happen for cv'cry subjtict 
day. 

Bicycle ergometers were used. Re.si.stanro wa.s .supplied by an autorno 

* Now the Scientific Bureau, Bau.ech Lomb Optical Co., RochcKtor, X. ^ • 
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bile brake lining around the fly-wheel. The upper end of the brake belt 
was attached to a spring scale Avith one ounce divisions, and weights AA'ere 
attached to its lower end. For an easier control of resistance which fluctu- 
ated occasionally, a simple device shaped like a trident was suspended by 
the middle prong from the brake cord. At least one pound in ounce 
Aveights Avas placed on its outer prongs; AA^hen the brake resistance fluctu- 
ated, some Aveights Avere either removed or added as the case might be. 
Hexagonal nuts each AA'eighing one ounce AA^ere found to be convenient for 
this purpose. 


TABLE 1 

The essential data for the prison inmates working on the bicycle ergometcrs 
The number of pedal revolutions per minute was 70 in all cases except that of no. 7, 
for whom it was 60 r.p.m. k rather high initial riding time and work are due to five 
Aveeks of prepai'atory training on the ergometcrs; din-ing the fifth week the same rate 
of work was used as indicated on the table, but during this period the men rode from 
two to three times daily without reaching a point of exhaustion. 


SUB- 

AGE 




BATE OF WORK 

WORK DONE IN FT.-LBS. 
PER day 


RIDING TIME 

PER 

CENT 

OF 

JECT 

KO, 

HEiQnr 

WEIGHT 

Ft.-lbs. 

per 

min. 

Horse- 

power 

Initial 

Slaximal 

Initial 

Maximal 

IM- 

PROVE- 

MENT 

1 

33 

5' 

9" 

lbs. 

170 

6000 

0.182 

180,000 

2,160,000 

brs. 

0 

30 

brs. 

6 

mtfi. 

00 

1100 

2 

41 

5' 

6" 

136 


0.182 

240,000 


0 

40 

1 

36 

140 

3 

44 

5' 

7" 

144 


0.182 

72,000 


0 

12 

5 

16 

2533 

4 


6' 

0" 

178 


0.217 

143,000 


0 

20 

4 

10 

1150 

5 

28 

5' 

2" 

134 


0.182 

60,000 


0 

26 

8 

35 

727 

6 

24 

b' 

11" 

160 


0.212 

140,000 


0 

20 

4 

00 

1100 

7 

■ 

6' 

8" 

121 


0.170 

156,800 


0 

20 

0 

35 

75 

8 


5' 

8" 

174 

6000 

0.182 

132,000 


0 

22 

2 

05 

468 

9 

KSl 

5' 

11" 

184 

5250 

0.159 

168,000 


0 

32 

2 

40 

400 

10 

27 

5' 

6" 

140 

7500 

0.227 

37,500 

1,675,500 

0 

05 

3 

46 

4420 

11 

23 

5' 11" 

148 

7150 

0.217 

228,800 

2,659,800 

0 

32 

6 

12 

1062 

12 

33 

5' 

7" 

204 

8600 

0.261 

817,000 

1,548,000 

1 

35 

3 

00 

89 


Nine ergometers Avere used simultaneously. Each Avas equipped Avith a 
speedometer and distance meter. A metronome Avas also used to double- 
check the rate of pedaling. 

Diet. All inmates Avere on the same basic diet, although the amount of 
bread consumed varied somewhat, since they could have all the bread they 
Avanted. Subject 2 received a small additional quantity of milk daily to 
proAude more liquid in his diet because of dental work in progress. 

Work on jail inmates started Avith body-building exercises which con- 
tinued for four weeks and comprised the first period of the experiment. 
After this, the preparatory Avork on ergometers began, all subjects starting 
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without gelatin. Three and a half weeks later 6 of the men were given 32 
grams of gelatin in grapefruit juice, and 6 others were given an equal 
amount of a cereal (farina) in the same way. The latter was called “con- 
centrated gelatin" to explain the insolubility of farina in the grapefruit 
juice, and to assure these men that the}" were merely getting another kind 
of gelatin. 

The result of this change in diet was immediate. Every subject showed 
an improvement within an hour after ingestion of either gelatin or cereal, 
indicating that the effect Avas pmely ps 3 "chological. 

The performance continued to increase so rapidly that it became neces- 
sary to increase the loads to the A^alues shown in table 1 in order to keep the 
riding time mthin reasonable limits. We also discontinued gelatin feeding 
and put every man on farina. This part of the experiment 'perforce had 
to be regarded as a part of the preparatory work, constituting the second 
period. 

One Aveek Avas alloAved the men to become familiar Avith the new heavier 
loads; after this Ave started the thhd, final period of the experiment. Al! 
men Avorked on farina diet from four to seA"en AA^eeks, then they AA'ere given 
gelatin. This diet was continued for some time and then gelatin Avas again 
AvithdraAvn, and in its place farina, fruit juice or neither AA’as giA"en, In no 
case did the men knoAV when they AA'ere getting gelatin or a substitute. 

Results. From table 1 it ma}" be seen that increase in pei’formance 
varied from 75 to 4420 per cent. The latter figure may appear to be large, 
but as a matter of fact it should haA^e been larger. During the preliminary 
training on the ergometer most of the men could not last more than ten 
minutes Avith lighter loads. In order to check the difficulties of the ergom- 
eter Avork AA"e tried it ourselves. It took us tAvo Aveeks to pass the five 
minute mark at 0.182 H.P. 

Figure 1 presents four typical cuiwes of performance. Subject 11 seemed 
to improve markedly Avith the addition of gelatin to his diet. Yet it Avould 
be unwarranted to conclude that this Avas a gelatin effect, because subject 
4, AA'ho had no gelatin, shoAA’cd an identical gain at the same time; and 
subjects 5 and 7 AA’cre not affected although gelatin Asms given to them. A 
sudden drop in the performance of the subject 4 AA'as a result of a knee 
injury. The performance of the subject 5 continued to improrm after the 
AA’ithdrawa! of gelatin and the substitution of cereal. But when cerca , 
known to him as “concentrated gelatin" AA’as AAdthdnaAA’n, performance 
immediately dropped, and the subject complained that he Avas getting too 
tired without the “gelatin." 

It is impossible to noU^ any special effect of gelatin u])on the AVork out- 
put. Addition of gelatin to the diet did not improA'c performance, nor t '< 
the Avilhdrawal of gelatin make it AA’orse. Al! increase in })erfonnance aac^i 
undoubtedly a m.suU, of training. 
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Validity of the test. While work of long duration be cut short by 
psychological factors, as suggested by Simonson and Sirkina (1933), special 
efforts were made to elicit maximal performances. The prisoners preferred 
exercise at an hourly rate of pay to idleness in their cells. A competitive 
spirit was aroused by haidng them work side-b 3 ^-side. At the end there 
was subjective and objective emdence of exhaustion. One educated and 
intelligent subject remarked that he kept on until he became dizzy. At 
the end of a five-hour ride he was unable to talk and his reactions were 



Fig. 1. Typical curves of prolonged work on bicycle ergonieters. Subjects — ^jail 
inmates. Subjects 4 and 11—0.217 H.P.; subject 5—0.182 H.P. and subject 7—0.170 
H.P. Subjects 0 , 7 and 11 received gelatin as indicated on the graph. Subject 4, 
whose curve follows that of no. 11, received no gelatin. The drop in his curve was 
due to a knee injury. 

Fig. 2. Typical curves of short intensive work on bicycle ergometers. Rate of 
work— 0.506 H.P. Pedal revolutions— 117 per minute. Subject 4, whose performance 
is the best, received no gelatin. .4 drop in performance in curves 6, 14 and 9, which 
occurred between March 4 and 18, was the effect of college term examinations. 

slow. It was noted that after a rest in a reclining position some subjects 
had to lift their legs by hand as they’- arose from the bed. These observa- 
tions indicate to us that phj^siological rather than psychological factors 
were responsible for the steady^ increases in performance. 

Meiaholism studies. The metabolism of five men was studied after ten 
weeks of training. Two of the men were on gelatin at that time and three 
were not. Metabolism was tested: 1, lydng; 2, sitting on bicycle; 3, pedal- 
ing bicycle without load (free wheeling); 4, pedaling bicycle with full load; 
and 5, recovery' after exercise. During the work i,\ith full load, expired 
air was collected for 4 to 5 minutes each half-hour. The Douglas-Haldane 


tVnr/r in IP nPl) ft-lh 
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method was used. No relation between metabolism data (table 2) and 
gelatin feeding was noticed. 

Source of energy. The appetite of all men increased with the increase 
in riding time. Since bread was supplied in liberal amounts at each meal, 
the subjects ate it in large quantities. When, for instance, subject 11 
passed five hours of riding, he Avould take 12 to 14 slices of bread with his 
breakfast, 14 to 19 slices of bread with lunch and a pound loaf with his 
supper; he Avas eating from one to two pounds more of bread than before. 
Assuming that a pound of bread supplies 1180 calories, an extra supply of 
1 180 to 2360 calories AA'as provided. The amount of net energy spent on the 
bicycle b}' subject 11 in fiA'e hours AA^as 1716 calories; thus it is obAdous 
that the principal source of extra energ}’- for the prolonged riding Avas the 


TABLE 2 

Siimviary of data obtained in icork metabolism tests 


Subjects were jail inmates working on bicj'cle ergometers. In calculating the net 
amount of energy used and efficiency, free wheeling was taken for the base. 


BCHJECT N'UMUER 
AND DIET 

O 2 CON- 
SUMPTION 
PER MIN. 
DURING 
WORK 

OXYGEN 

DEBT 

RESP. 

QUOTIENT 

WORK 

PER 

MINUTE 

NET 

ENERGY 
USED PER 
1000 
FT.-LDB. 
OF WORK 

NET 

ENERGY 
USED PER 
MINUTE 

EFFI- 
CIENCY 
PER CENT 
OVER 
KREE- 
WIIEEL- 
ING 


liters 

liters 


ft. -lbs. 

Calorics 

Calories 


1. Gelatin 

1.9 

2.32 

0.96-0.9S 


1.13 

6. 78 

29 

3. Gehatin 

1.7 

0.224 

0.91-0.97 



6.30 

31 

4. Xo gelatin 

2.3 

2.70 

0.91-0.98 

7150 

H|n» 

7.72 

30 

5. Xo gelatin 

1.7 

0.200 

0.92-0.99 

GOOO 


6.42 

30 

11. Xo gelatin 

1.4 

2.00 

0.97 

7150 


5.72 

41 


extra amount of bread consumed. Tliis ^vas also substantiated by his 
respiratory quotient of 0.97 during Avork. 

Efficiency of work. For calculation of energy used for oAmreoraing the 
brake resistance avc accepted the metabolism at free-Avheeling as the point 
of reference. With one exception, the efficiency of the men Avas about the 
same for all, A'arying from 29 to 31 per cent. The exception AA'as subject 
11 Avhoso efficiencj' was 41.0 per cent. These figures lie Avithin the range 
found by Benedict and Cathcart (1913). On our subjects it Avas irnpos- 
.‘^ible to notice any effect of gelatin feeding upon the efficiency. The high 
efficiency of subject II .should be attributed to “indiAudual difTcrcncc.'’ 

hnntcdinlc effect of free v:hcch'ng vpon work with full load. During the 
first tAvo or three metabolic tests, avc encountered a peculiar p.sychological 
cfTecl Avhicli occa.sionally compelled u.s to di.scontinuc the testing for that 
day. .^fter 15 to 20 minutes of free Avhocling, the subjects found it 
cxttT’inr-iy hart] to Avorl: Avith their ordinary load. Some of the men gaAC 
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up in 10 minutes, insisting that the weight had been doubled. Thej’" ex- 
hibited all the s 3 '’mptoms of extreme fatigue. After checking the weights 
and proving that thej'- were the same as alwaj'^s, and after allowing a 10 to 
15 minute rest, the men were able to resume their work; but on such a da}^ 
thej’’ could never equal their expected riding time. In further tests we 
found that b}’- a preliminaiy explanation and b}'- encouragement it was 
possible to eliminate this factor and to make the men work as usual. Even 
then there was a certain critical point which seemed difhcult to pass; 
however, after it had been passed, work seemed to be easj'-. This period 
varied from 10 to 30 minutes after beginning of the riding, being rather 
constant for each man. For instance, subject 1 had his critical period 
25 to 30 minutes after the start. 

College students. The subjects for this series of experiments were 16 
Springfield College students, ranging in age from 18 to 26 j^ears, and in 
weight from 139 to 184 pounds. The exercise consisted of riding on bicycle 
ergometers at a rate of 16,700 ft-lbs. per minute, or 0.506 H.P., and 117 
pedal revolutions per minute. Thej’' worked five days per week, riding 
twice a day with a five-minute rest between the rides. After six weeks of 
experimenting it was observed that improvement in performance in most 
men was small. Upon the suggestion of D. B. Dill it was decided to intro- 
duce a change in testing procedure. 

Four men, nos. 4, 6, 12 and 13, continued as before, but the other twelve 
men worked at the original rate of 0.506 H.P. only twice a week, and on the 
other three days they rode only once a day at a rate of 0.329-0.354 H.P. 

Rate of work. Although the rate of 0.506 H.P. of work is quite large, 
some of the men, nevertheless, could keep up this rate for several minutes; 
the maximum was 6 minutes 18 seconds. 

From the article by Pay et al. (1939) it is impossible to see the real work 
output which was used in their study. Evidently then- ergometer had a 
poor efficiency, since an output of 60 watts (0.08 H.P.) was able to fatigue 
the men in a short time. 

The rate of work of women subjects in the experiments of Hellebrandt, 
Pork and Brogden (1940) approximates that found in our investigation. 
With allowance for sex, an output of 220 to 290 watts (0.29 to 0.39 H.P.) 
is a large output for a woman. 

Diet. The basic diet of the men could not be controlled outside of a 
request that thej’- eat about the same during the course of the experiment. 
For control purposes, they were divided into several groups (see table 3). 

Results. Examination of table 3 will show that the per cent of improve- 
ment in work vaiied from 49 to 334. The man who improved most re- 
ceived no gelatin at all. Unfortunately he had to quit the experiment at 
the end of the eighth week due to an urgent call from home. 

We should like to call attention at this time to a possible error that maj’’ 
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TABLE 3 

Tivic and per cent of improvement over the daily average ivork during the firsfxveek'in 

college shidenls 


Subjects working on bicycle ergometers at 0.506 H.P. and 117 pedal revolutions 
per minute. The duration of the experiment was 10 weeks. 


GROUP 

SUBJECT NO. 

RIDING PERFORMANCE 

IMPHOVEMEKT 

Ave. 1st week 

llaximum 

attained 



seconds 

seconds 

per cent 

1 





Gelatin throughout experiment 

13 

56 

240 

330 


14 

52 

122 

135 


15 

37 

66 

78 


16 

38 

77 

103 

Average 

45.75 

126.2 

161.5 

2 





Farina 4 weeks; gelatin 6 weeks 

1 

53 

95 

79 


2 

42 

73 

74 


3 

46 

70 

49 

Average 

47 

79.33 

67.33 

3 





Blank 6 weeks; gelatin 4 weeks 

0 

26 

63 

142 


12 

56 

185 


Average 

41 

124 

186 

4 





Farina throughout experiment 

<3 

-SO 

246 


(no gelatin) 

7 

41 

72 

76 


10 

37 

88 

13S 


11 

42 

1 

83 

98 

Average 

50 

122.25 


5* 





Farina 4 weeks; blank 4 weeks 

4 

S7 

378 

334 

(no gelatin) 





G 





Xo gelatin: no farina 

S 

61 

128 

no 

J 

i 

i 

tt 

37 

63 

70 

| 

40 

05.5 

90 


* I !;sd to dipcontimif at end of eighth week for roa.son.s not involving he.alth. 
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occur in the interpretation of results obtained in experiments similar to ours 
■ if composite curves representing the average performance of the different 
groups are used. If by chance we used only twelve men, and groups 2 and 
4 (see table 3) were absent, then this table could have been used as proof 
of a beneficial effect of gelatin, since the groups 1 and 3 give a higher per 
cent of improvement than the non-gelatin groups 4 and 6. Only by a 
comparison of the differences witliin each group does it become evident 
that the variation within a group is greater than any variation between 
groups. 

The onlj’" conclusion that can be made is that gelatin had no effect upon 
the work capacit 3 " of the men in this experiment. This conclusion is in 
perfect agreement with the observation by Hellebrandt et al. (1940). 
Maison (1940) also found no effect of gelatin feeding in four subjects who 
exercised on a finger ergograph. On theoretical grounds his results may be 
disputed because of the smallness of the muscle group used. Even if 
gtycine were beneficial, it could have been suppfied to the finger muscles 
, at the expense of the other groups. This is why we preferred exercise 
involving large groups of muscles. On the bicj’-cles not only are the legs 
involved, but also the trunk muscles, and even the arm muscles are con- 
stantlj’- being used. 

Dail}'^ work done by the College Students is presented in the figure 2. 
The rate of work was 0.506 H.P. for all men, yet the rapidity and the 
degree of the improvement varied considerably. This was due to a great 
extent to a difference in muscular strength. Subjects 4 and 6 were among 
the strongest men in the group. 

In the thi’ee lower curves (fig. 2) a depression may be observed between 
March 4 and 18. Tliis coincided Avith the period of term examinations 
held between March 11 and 18. Of sixteen men only three were not 
affected by examinations. 

After completion of a ten-week period subject 6, who belonged to a group 
not receiving gelatin, continued to work on the ergometer for two more 
months. At the end of this extra period, his riding time had reached 7 
minutes, 30 seconds, which means a work output of 125,310 ft-lbs., an 
improvement of 463 per cent. His curve showed a continuous rise, but 
the experiment had to be discontinued because of college final examinations. 
However, this clearly indicates that the peak in training on the bicycle may 
not be reached even after 19 weeks of training. 

It is interesting to compare these figures 'with those obtained by Hender- 
son and Haggard (1925) on Olympic oarsmen. They estimated the rate 
of work done in breaking the world’s record for a mile and a quarter in 5 
minutes 51 seconds, as being equal to 0.57 H.P. By coincidence, subject 6 
was a candidate for the Olympic contests in canoeing. 
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Performance during the second ride mth 0.506 H.P. rate. No effect of 
gelatin could be observed on recoveiy from the first ride. 

Lighter loads. Three daj's a week of riding with lighter loads (0.329- 

0.354 H.P.) did not affect the curve of performance obtained in riding two 
da3’’s a week at a rate of 0.506 H.P. 

Experiments with simimer camp boys. Thirty' bo^'s, ranging from 15 to 
17 years in age, were selected in two summer camps. In each camp the.y 
were divided into two groups, one receiving 32 to 48 grams of gelatin 
dailj'-, and the other recehdng a non-gelatinous substitute. The rest of 
their diet was essentiallj^ the same for the boj's in each camp. The^y swam 
dailj’- (60 to 100 yds.) trj'ing to better their time. 

The experiments continued for 6 to 8 ■weeks. No difference w'as obseiTcd 
between the gelatin and non-gelatin group. 

Experiments with heavy-weight lifters. Twelve hea\y-weight liftei’s 
who were members of tw'o YMCA organizations volunteered to take part 
in this experiment. The3’’ exercised two or three times a week for 10 weeks 
trying each time to beat their previous records in the nine standard t3'pes 
of weight lifting. The basic diet could not be controlled be3’'ond a request 
that the3' use “approximateh’- the same diet” throughout the experiments. 
The men were di\’ided into two groups: gelatin (32 to 64 grams daily) 
and non-gelatinous substitute. No difference could be observed between 
the performance of these groups. 

Experiments with wall-weight pidlers. Exercises for the arms and shoul- 
der retractors were used, •\nth the height of elevation of the weights kept 
constant and the rate controlled by metronome. Six men (gelatin 32-G4 
grams dail3q and no gelatin) exei’cised until the3' could not maintain the 
rate. This experiment proved unreliable due to erratic performances. 
However, no difference was noted in the performance of the two groups. 

SUMMARY AND CONCLUSIONS 

The effect of gelatin feeding upon muscular performance was tested on 
five groups of subjects, numbering 76 in all. Exercises used were: work on 
bic3'clc ergonieters, swimming, weight-lifting and wall-weight pulling. 
Diet was either fulh* or partiall3' controlled. Sham gelatin feeding ly use 
of a non-gelatinous .substitute w'as practiced with e.ach group. 

1 . Twelve count3' jail inmates, 18 to 50 3'cars of age, exercised on ergom- 
cters for from 17 to 22 wcek.s, b times a %Yeek. The rate of work varied 
from 0.1.59 to 0.261 H.P. Performance improvement ranged from 75 to 
4420 })er cent; the maximum riding time of one .subject reached 6 hour.-- 
12 minutes, and the work done on that da3' was 2,6.59,800 ft-lb.s. Diet v.as- 
fullv controlled. No effect of gelatin feeding could be observe<l. 

2. Sixteen college students between 18 and 26 years of age excrci.‘-rd ou 
bic\'cle ergonuder.-: five times a week for 10 weelc.s. Their rate of work w.'»s 
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0.506 H.P. Improvement in ten weeks was between 49 and 334 per cent, 
and in the case of one man who exercised for 9 extra iveeks at 0.506 H.P. 
it reached 463 per cent; the maximum working time was 7 minutes ! 30 
seconds. Diet was not controlled. Xo effect of gelatin feeding was 
observed. 

3. Thirty campers, ranging from 15 to 17 years of age, swam 60 to 100 
yards each daj’- from 6 to 8 weeks. Diet was controlled. No effect of 
gelatin feeding could be observed. 

4. Twelve weight lifters tried to break their pre\dous records in nine 
standard positions. Diet was not controlled. No effect of gelatin could 
be observed in 10 weeks. 

5. Six men exercised by pulling wall weights 3 days a week, attempting 
each time to increase the number of pulls. Diet was not controlled. No 
effect of gelatin could be observed. 

6. At the same rate of work, the stronger men improved more than the 
weaker ones. 

7. Metabolism of 5 jail inmates was studied. Efficienc 3 ’' of work varied 
from 29 per cent to 41 per cent. The maximum amount of net energy 
snent on daily exercise reached 2441 Calories. The extra energy for this 
work was supplied by the extra amount of bread consumed. No effect 
of gelatin could be observed in the metabolic tests. 

8. College term examinations caused a drop in performance of most of 
^he subjects. 

9. A psychological effect of gelatin and sham feeding was observed in 
jail inmates. The first daj'- the}* received either gelatin or a non-gelatinous 
substitute, their performance noticeably increased before either of the 
substances could have been digested and assimilated. 

We Avish to thank Mr. Harold LeMaistre, of Sydney University, 
Australia, for help with metabolic tests of jail inmates. 
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It is AA ell known that surgical or other intemiption of spinal pathways 
is commonl}’- followed b}’' a fall in arterial pressure. The possibilit}' of a 
change in blood volume occurring under these circumstances has received 
relati\ ely httle attention. Eppinger and Schiirmeyer (2) reported a single 
experiment in Avhich high spinal transection apparently reduced the 
blood volume of a dog from 1500 cc. to 907 cc. They considered this 
result as comparable to their findings in animals suffering from various 
f 01 ms of circulatorj’’ collapse. Nowak (10), using the Congo red dj’C 
method, estimated the blood volume of cats before and during spinal anes- 
thesia, and found an average increase of 3 cc. per kgm. body weight. His 
animals had undergone previous laminectomies and wore anesthetized aUUi 
barbiturates during the spinal block. Goldfarb, Provisor and Koster (3) 
concluded from data obtained bj’’ the brilliant vital red method on surgical 
patients that no significant blood volume change occurs during spinal anes- 
the.~ia, although their A'alues for percentage change in indindual cases 
range from —11.9 to -M5.7. The three papers just cited deal only in- 
cidentally AA'ith blood volume or plasma volume changes, and in none of 
them are the e.xperimental conditions and methods described sufficiently 
to permit an evaluation of the re.sults. 

A correct interpretation of plasma alterations in animals undergoing 
acute interruption of cord pathways requires that account be taken not 
onl_\ of local modifications Avithin the cord itself, but also of a variety of 
changes incidental to the e.xpcrimental procedure. These include pre- 
medication, anesthesia, incidental operative trauma, respiratory disturb- 
ances, modified .sympathetic activity, and a number of other factors. In 
uironic animals, the effects of muscular disuse and of change in dietary 
or other habits may bo important. Moreover, animals surviving transec- 
tion or total flestniction of the .spinal cord even for short periods may re- 
gain not only their pre-operative blood pressure levels, but also a limited 
reflex control of the circulation (0, 1.3). Accordingly, the writer derided 
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to use acute preparations, and, as will be seen, to eliminate certain of the 
disturbing factors. It was hoped that in this way any plasma volume 
changes which might occur could be referred with some confidence to the 
effects of cord transection as such. It must be emphasized, however, that 
the factor of anesthesia has not been eliminated in these experiments, and 
that the results are therefore applicable only to cats under the conditions 
described. Obviouslj'- the attempt to obtain control values and to transect 




Fig. 1 Fig. 2 

Fig. 1. Portion of spinal cord of cat 17, showing lesion. Above: dorsal view. 
Below: ventral view. 

Fig. 2. Instrument for destroying portion of cervical cord. Inset on left: cross 
section through shaft of needle, showing plunger and long arm of wire loop. For 
further description, see text, p. 4. 

the cords of unanesthetized animals could only lead to sympathetic activity 
far more disturbing than that occasioned bj'’ ether. 

Methods. The traumatic effects of laminectomy with attendant blood 
loss and tissue exposure Avere atmided by the use of a blind puncture in- 
strument (fig. 2). The main part of this device was a four inch, thirteen 
gauge hypodermic needle. A J-shaped loop of no. 4 music Avire Avas 
arranged Avithin the shaft of the needle so that it could be anchored by its 
long arm outside the needle’s head, AA'hile the short arm engaged a plunger 
the loAvering of Avhich caused the AA'ire loop to emerge from the orifice of the 
needle and to spread to a diameter of 6 to 8 mm. With the animal under 
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ether anesthesia, this loop was spread within the substance of the spinal 
cord, and then rotated by a turning of the needle so as to reduce the cord to 
a pulp at the level of the puncture. Following the withdrawal of the 
loop by traction upon its long arm, a heated rod was plunged into the 
pulped cord through the same needle, in order to coagulate any fibers 
remaining intact, and, bj’- cauterization, to reduce the danger of infection 
or of extensive internal bleeding. When the operation is performed at or 
above the level of the eighth cervical segment, on!}'- a slight nick in the skin 
is necessaiy for the introduction of the needle. The animal is placed 
upon its side, with the neck slighth' flexed. The neural spine of Ti serves 
as a guide for the needle point as far as the ligamentum flavum. When 
this is reached, a quick thrust will generallj’^ send the needle point directly 
through the center of the cord. Thereupon the loop is spread, rotated, and 
withdrawn; then cauterization is applied as described above. The entire 
operation consumes less than two minutes. When a chronic preparation 
is desired, the method offers the advantage that the period of anesthesia 
ma}' be kept exceedingly^ short. Adequate antisepsis may be attained 
merely' by boiling the puncture instmment. Of six chronic spinal cats so 
prepared, none showed any' sign of infection either in the cord or in the 
superficial tissues. Ten day's to several months after the transection, the 
animals were killed with ether. 

Disadvantages of this method include the following: a, the destruction of 
the cord is not invariably' complete, and must be checked at autopsy; 
b, the lesion is never sharp and clean-cut, but contused and likely’ to be 
somewhat asy’mmetrical with reference to the long axis of the cord; c, the 
cord may be attacked only' where it is not protected by' overlapping bony’ 
arches — practically', in cats and dogs, the cervical region. 

At frequent intervals during each of the expei’iments, the animal was 
examined for functional evidence of nervous transmission across the lesion. 
At no time did such evidence appear. After recovery’ from ethei' each 
cat showed complete volitional parah'sis and anesthesia in the ti unk and 
hind quarters. Breathing was entirely’ diaphragmatic. The nictitating 
membranes were widely' extended. At the conclusion of each experiment, 
a poition of the cord including the lesion was lemoved, freed from its 
outer membrane.s, and examined gro.s.s!y’. When there was any’ n'ason to 
suspect that complete functional dc-^^truction had not been attained, the 
e.xperiment was discarded. Figure 1 is a jdiotograph of a cord (no. 17) 
showing a typical lesion. I’lie sj)ccimcn had been kept in 10 pta’ cent for- 
malin for several weeks. 

Piastna volume detennijuitions were made by the use of the dye J -182-1. 
optical densities being estimatcfl spectrophotomet rically (-1). A control 
sample of 1 cc. was taken from the right saphenoits vein soon after aiie.'- 
thesi.a had Ix'cn inditeed. Following the dye injection, and the cannulatioti 
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of the right femoral arteiy, eight 1 cc. samples were generaUj’- drawn from 
the left saphenous vein. Four of these samples were taken before the 
spinal transection, and four after, at intervals of about fifteen minutes. 
The first post-operative sample was usually obtained within five to ten 
minutes after the transection, the time chosen being that at which the 
blood pressure appeared to have reached its minimum value. De\'iations 
from a control curve established by the first four dye samples gave the 
plasma volume fluctuations here interpreted as the result of the spinal 
section. These de%dations Avere checked bj’^ comparison with serum protein 
and hematocrit determinations. Since the flrst post-operative sample 
commonl}'- shows the maximum deviation from the control curve, the 
experimental change (see table 1) Avas reckoned from this value. The 
deAuation of the last sample was taken as an index to the extent of return 
of the plasma volume to its control level. 

Proteins AA’-ere estimated refractometrically in the sera A\"hich had pre- 
Adouslj'- been used for the d3’^e determinations, the calculations being based 
upon the factors given for dog serum b}’^ Neuhausen and Rioch (9). These 
data AA'ere used onl}'- for purposes of comparison Avitli the dj'^e curA’^es, and 
therefore relative values onlj^ AA'ere required. Nevertheless, it AA'as thought 
desirable to check the refractometric estimates against those made by some 
other method. Thi'ough the kindness of Dr. A. Graff, a comparison Avas 
made of the A'-alues obtained bj' the use of the refractometer AAdth the results 
of microkjeldahl analj'ses, assuming a non-protein nitrogen content of 30 
mgm. per 100 cc. The aA'-erage serum protein concentration in flve refrac- 
tometer determinations AA'as 6.85 per cent. Microkjeldahl analyses of the 
same sera gaA'-e an average protein concentration of 6.81 per cent. The 
greatest difference between the A'alues given by the tAA'o methods for any 
one sample AA’as 0.06 per cent. It can be shown that a change of 100 per 
cent in non-protein nitrogen affects the semm protein estimate bj' only 
0.3 per cent. The refractometer estimates, therefore, are probabty good 
approximations of the absolute A'alues. Two hematocrit samples AA'ere 
taken for further comparison with the dj'e curve. One was included AAdth 
the last pre-operatiA'e, and one AA'ith the first post-operative dye sample. 
The total amount of blood lost m sampling AA'as about 10 cc. 

The cats AA'ere staiwed for 18 to 20 hours. Thej' were then weighed, 
placed under a bell jar and anesthetized Avith ether. Following the induc- 
tion stages, the anesthesia AA'as continued by the cone drop method. After 
preliminary sampling and injection of the dj'e, the right femoral artery 
Avas cannulated and connected to a Hurthle manometer. In one experi- 
ment (no. 9), through the Idndness of Dr. H. Wiggers, blood pressure and 
pulse variations Avere recorded bj' means of an optical manometer. The 
attempt was made to regulate the depth of anesthesia and the heat ex- 
change of the animal in such a waj' that blood pressure, respiration and 
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rectal temperature remained fairly constant during the hour or more of 
intermittent sampling prior to the transection of the cord. Difficulties 
with clotting experienced in preliminaiy experiments were met by using a 


TABLE 1 


Effects of cord destruction at Cs in acute experiments under ether anesthesia 


CAT 

SEX 

2 

HEMATOCRIT, 
PER CENT CELLS 

MEAN ART. PRES- 
SURE, MM. Hg 

SERUM PROTEINS, 
MOM. PER CENT 

mgmi 

REMARKS 

Control 

Postop. 

6 

Control 

Postop. 

fc: 

5 

Control 

Postop. 

Diff. 

Control 

d 

3 

m 

O 

Diff, 



kgm. 














1 

o' 

2.93 

39.4 

37.2 

—2.2 




6.3 

0.0 

-0.3 

138 

147 

+9 

.\nimnt in- 
















tended for 
















survival 

2 

o' 

3.90 

27.0 

24.9 

-2.1 

145 

73 

-72 

0.2 

5.9 

-0.3 




Lipcmic scrum 

3 

o’ 

2.92 

31.7 

30.5 

-1.2 

140 

SO 

-60 

6.3 

0.0 

-0.3 

110 

116 

+6 


4 

9 

3.13 

EBiE! 

37.1 

-2.5 

130 

85 

—45 

6.4 

0.4 

0 

119 

128 

+9 


5 

cf 

3.13 

38.2 

32. S 

-5.4 

115 

75 

-40 

6.8 

0.4 

-0.4 

148 

154 

+0 


C 

o'’ 

3.19 

41.3 

37. S 

-3.5 

ICO 

120 

-40 

0.0 

5.0 

-0.4 

118 

122 

+4 


7 

o’ 

3.43 

29 

29 

0 

145 

85 

-00 

6.0 

6.0 

0 

151 

151 

0 


s 

o’ 

3.52 

43.2 

38.7 

-4.5 

155 

84 

-71 

5.9 

5.3 

-0.6 

111 

124 

+13 


9 

cT 





175 

95 

-SO 







With optical 
















manom. 

.4vcraRc 

-2.67 



-5S.5 

n 

■ 

-0.2S 



4*6.7 


Averase ns per cent of 





■ 

■ 






control , . , 



-7.79 



-42.2 

■ 

■ 

— C.7 



+5.5 


10 

9 

2.75 

45. s! 43 

-2.8 



■ ■ 

5.8 

5.0 


115 

123 

+8 

Atropinired 

11 

9 

2.59 

35. 6i 29.2 

-0.3 

125 



0.5 

6.1 


105 


0 

Atropinired 

12 

9 

2.36 

28. 7 

20.4 

-2.3 

125 

85 

IS 

O.S 

0.8 

0 

141 

141 

0 

.■Itropinlrcd 
















(Ijictntinc 
















and foverhh) 

13 

o' 


30.7 

34.2 

-2.5 


75 


7.1 

0.9 


138 

142 

+4 

Atropinired 

14 

9 

2.30 

4S.1 

44.8 

-3.3 

140 

100 

-40 

6.1 

5.9 

-0.2 


111 

+5 

.Mropiiiitcd 

15 

9 

2.40 

40.9 

38.8 

-2.1 

130 

130 

0 


7.0 


93 

mm 

0 

VaROtomired 

IG 

o' 


42.0 

38.9 

-3.7 


72 

-68 

wKm 

0.1 


101 

170 

+9 

VnRotomired 

17 

o’ 

3.30 

44.4 

40.3 

-4.1 


72 

-98 

0.0 

6.0 

-0.6 

■Bill 

114 

+13 

VaRotomizfd 

15 

9 

3.21 

35.2 

33.5 

-1.7 

1.55 

72 

-S3 

0.1 

5.9 


129 

132 

+3 

VaRotoinircd 
















(PrcRnaiit) 

19 








-35 







. 

A vernRe 



-3.20 



-50.9 



-0.28 


1 


AvcrsRt' ns per coni nf 


" 







i 

i 


control 



-7.99 



-31.2 



-3.5 



+3.4! 

! 

1 


cannula of large bore, carefully coated with paraffin. If care was taken to 
avoid chilling the arteries with cold instnimcnt.s, good sized canniilae 
could be introduced erven into tlie arteric.s of small catf?, and once the slan 
wound was: closed with a clamp, a contintious record could be .secured for 
lone period^ without clots. 
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Upon the destruction of the cord segment, the use of the anesthetic was 
discontinued except for brief control periods occasionalh^ introduced after 
sampling liad been completed, in order to demonstrate that ether with- 
drawal had not caused the observed change in blood pressure. A few 
experiments upon chronic spinal cats ivere also undertaken, in order to 
determine the effect of the administration and withdrawal of ether upon 
the plasma volume of such animals. The results are summarized in table 
2. In some of the acute experiments, bilateral cervical vagotomy was 
pei’formed shortlj’- before the first dye sample was taken. In others, atro- 
pine was given intraperitoneally a half-hour before the induction of anes- 
thesia. The dosage was such as to produce mild mydriasis, generally 
0.04 mgm. per kgm. bodj’’ weight. 

TABLE 2 


Effects of ether anesthesia ttpon chronic spinal cats 


CAT 

SEX 

WEIGHT 

-< 

2 

< 

a 

2 

2 (fl 

B ^ ^ 

0 

HEMATOCniT, PEE 
CENT CELLS 

SEnOM pnOTEINS, 
MOM. PEE CENT 

PLASMA VOLUME, 
CC. 

EEMARE8 

Control 

Ether 

Dili. 

Control 

Ether 

DifT. 

Control 

Ether 

Did. 



kgm. 

■ 

min. 







i 




20 

o' 

2.27 


89 

33.7 

34.0 

+0.9 

5.1 

5.4 

' +0.3 

133 

120 

-13 

Excessive 




B 











salivation 

21 

& 

3.14 

n 

04 

30.4 

27.7 

-2.7 

0.8 

6.7 

-0.1 

107 

167 

0 


22 


2.39 

0 

72 

30.4 

27 

-3 

0.0 

6.1 

+0.1 

! 


07 

Plasma vol- 















1 ume curve 















indecisive 

23 

d' 

2.02 

03 

44 

34.0 

20.7 

-7.3 

0.9 

6.8 

-0.1 

138 

138 

0 


1 

& 

2.51 

42 

50 

32.0 

32.5 

+0.5 

6.7 

6.1 

-0.0 

152 

109 
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Results. The principal results are summarized in tables 1 and 2. 
The general circulator^'- changes which are usuallj'- associated with high 
spinal transections were observed with regularity. During the destruction 
of the cord segment, the mean femoral pressure underwent a transient 
rise which was sometimes very great and sometimes barely perceptible. 
In all experiments except one (no. 15), this initial rise was succeeded by a 
fall, the amount of which, in cats with intact vagi, averaged 42 per cent of 
the control value, and in vagotomized cats, 37 per cent of the control value. 
In most instances the minimum pressure was reached within five minutes 
after the operation, and was followed by partial recovery. In the animals 
with cut vagi, the blood pressure regained as much as two-thirds of the 
control value within one hour following the transection. When partial 
recovery occurred in the non-vagotomized cats, the extent was much less 
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in a corresponding interval. PreAnous section of the vagi also appeared to 
diminish the time required for recovery from ether. 

During the primary rise in pressure which frequently attended the de- 
strniction of the cord segment, the heart rate was quickened. The increased 
rate was maintained throughout the falling phase of the pressure curve, 
during which tkne, also, the pulse pressure was usuallj^ much reduced. In 
manj’- experiments transient cardiac arrhj’-thmia appeared during the time 
of initial high pressure, but this vanished before the minimum pressure 
level was attained. Following the period of tach 3 mardia, the heart rate 
gradual!}'' fell, and during most of the recovery period it averaged 15 to 
20 per cent lower than the control value. With the exception of cat 15, 
this secondary slowing of the pulse occurred in the vagotomized animals as 
well as in the others. Cat 15 maintained an increased heart rate through- 
out the period of observation, and entirel}’’ escaped the fall in pressure, the 
onl}’- significant change being a moderate and fleeting rise as the coixl was 
attacked. 

The plasma volume changes were neither profound nor prolonged. As 
indicated in table 1, the maximum deviation in any one experiment was 
never more than 13 per cent, and in manj’- experiments the observed changes 
arc well within the 5 per cent limit of experimental error generallj" con- 
ceded for the dj’^e method. The nature of the teclmic, however, is such 
that sj'stematic error is not likel}' to aflfect the essential results, and inas- 
much as all of these indicate a change in the same direction, the data may 
be of some significance even though the values concerned are small. The 
dilution of the plasma proteins is in fairl}* good agreement with the dye 
estimates. Since onl}'- two hematocrit measurements were made in each 
experiment, less reliance can be placed upon these values. As the figures 
stand, however, thej^ seem to indicate a dilution of the blood of the same 
order of magnitude as would appear from the d^’^e and protein measure- 
ments. Of the twelve animals in which a significant change in plasma vol- 
ume occurred, three showed rccoveiy to the control level ^vilhin sixty to 
eighty minutes. In the same interval, two cats showed an additional con- 
centration bc^'ond the control level, five showed partial recovciy, and two 
showed no recovery at all. A graph of one experiment is given in figure 3. 

Table 2 shows the results of ether inhalation b}' chronic .spinal cats. 
These e.xperiments are of value in the interpretation of the results described 
above. Neither upon the administration nor upon the withdrawal of 
ether was an.v change encountered of the sort that followed the acute trail- 
sections. In several instance.s, the induction of anesthesia was accom- 
panied b}' profound vagal eficcts, including tomporarj’ cardiac asystole 
and ee.'=ation of respiration. 

Discussion’. 'The experiments rcportcfl here show that in cnt.s under 
ether anesthesia, low blood pre-;sure following cord transoction is usuall.' 
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accompanied by a small increase in the volume of plasma. The results of 
the administration of ether to chi’onic spinal cats make it seem improbable 
that the plasma volume changes found in the acute procedures are directly 
related to the state of narcosis. Such a relation is made stiU less likely, 
although it is hy no means excluded, bj’- Conley’s observation (1) that the 



TIME IN MINUTES FOLLOWING 
DYE INJECTION 


Fig. 3. Graph of experiment 17. Adult male cat with both vagi cut in neck. 
For photograph of cord lesion, see figure 1. 

administration of ether to normal cats is without effect upon the plasma 
volume. Hamlin and Gregersen (5) found that in cats in which vasocon- 
strictor pathways are interrupted by total sjmpathectomy, rather than by 
cord section as in the present experiments, the volume of the circulating 
fluid maj'- undergo a large increase. 

Various observations indicate that a parallel does not necessarily exist 
between plasma concentration and arterial pressure reduction. Root and 
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McAllister (11), for example, showed that inhalation of ether by spinal 
or sjmipathectoniized dogs results in a fall in blood pressure without any 
change in plasma volume. In the sm’gical stage of ether anesthesia, nor- 
mal dogs exhibited httle change in blood pressure, and a consistent re- 
duction of plasma volume (8). The arteidal pressure is reported to be re- 
duced b}’’ ether in spinal cats as it is in spinal dogs (12), but the data given 
in table 2 reveal no significant change in plasma volume under these ch- 
cumstances. The present results, together vdth those cited above, em- 
phasize the fact that plasma volume changes cannot be predicted vith cer- 
tainty from changes in the arterial pressure alone. 

Thanlcs are due to Dr. hlagnus I. Gregersen and to Dr. Walter S. Root 
for suggesting this problem, and for constant help and encouragement. 

SUMMARY 

1. A method is described for rapid and relativel}’^ bloodless destraction 
of a segment of the cer\’ical cord of cats bj'^ blind puncture and cauteriza- 
tion. 

2. Acute destmction of the eighth cervical segment under ether anes- 
thesia wms followed b3’’ a fall in arterial pressure averaging about 40 per 
cent, and 133' an increase in plasma volume averaging 5 to 6 per cent (fig. 3 
and table 1). 

3. Previous atropinization or bilateral vagotomj' did not significantly 
affect these changes (table 1). 

4. Administration of ether to chronic spinal cats resulted in no consistent 
change in plasma volume (table 2). 
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The sequence of excitation of the various areas of the ventricular surface 
of the hearts of experimental animals, mainly dogs and turtles, has been 
investigated many times and bj' a variet3'^ of methods of leading to electro- 
registering instruments (IS, Chapter I, Methods and Bibliographj’-). 

The unipolar method in different hands has 3’-ielded results which disagree 
significantl3’’ ( 15 , 19 , 1 ). The validit3’’ of the monophasic method employed 
b3’’ H. C. Wiggers ( 21 ) has been challenged, since it has been found that an 
injured area becomes positive upon acti\dt3f of the surrounding m3’-ocardium 
( 8 , 17 ). Differential electrodes used b3’' Clement ( 3 ) and b3’' Erfmann ( 6 ) 
have a high electrical resistance, and have been found in our laborator3’’ 
to yield no deflection in string galvanometer records when arranged to 
make a small contact and with a string tension that was considered per- 
missible. Coupled to the string galvanometer or cathode ra3’' oscillograph 
thi'ough a suitable amplifier, differential electrodes have recentl3’^ found 
considerable use in the stud3'^ of the relation between local contraction and 
electrical events ( 12 , 10 ). The main peak of the differential curve occurs 
approximatel3'^ at the moment of contraction and coincides with some point 
on the steep ascent of negativity in corresponding unipolar curves. 

The lack of agreement as to the temporal spread of the excitatory process, 
and even of the electrical sign indicating its occurrence in unipolar and 
differential records appears to justify a re-examination of the problem b3'' 
a different approach. In addition to the experiments on the ventricles 
of turtles and dogs the stud3’- was extended to include the ventricles of 
cats and monke3's. 

Recording methods. Three large Hindle string galvanometers were 
arranged to record simultaneousl3^ By means of two muTors and a shield 
the central parts of all three light fields were thrown side b3'’ side on the 
face of the camera, approximatel3’^ perpendicular to it, and without over- 
lapping.- Projection distance from each was one meter. A constant speed 

1 This research -was supported by a grant from the John and Mary R. Markle 
Foundation. 
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rotating wheel with vanes long enough to interrupt the light across the face 
of the camera provided simultaneous reference lines 40 msec, apart across 
the whole width of the paper. With the aid of the vertical lines, a binocu- 
lar magnifier and a 3 msec, scale recorded at the speed of the camera, 
measurements could be made accurate to within 1 msec, deviation. A 
large comparator was used on a few records, but it was cumbersome, and 
added nothing to the accuracy of measurement. One galvanometer re- 
corded an electrocardiogram or other reference record, and the others, 
electrograms from the ventricles. For external surface leads electrodes 
were desired which could be used with the string galvanometer to record 
action currents of local origin excluding influences from distant sources 
to the greatest practicable degree. The high resistance of fluid electrodes 
and the instabilit}'^ of wicks rendered the differential electrodes of Clement 
(3) unsuitable for the purpose, though thej" have the advantage of localized 
leading. To retain, and possibly improve upon, this propert}’ of localiza- 
tion, and eliminate the handicaps mentioned, a new type of electrode assem- 
bl}’’ appropriatelj’’ called riding contiguous bipolar electrodes was deidsed. 
The word contiguous is used here in the sense of points that are very near 
together but not in contact. These electrodes consisted of two pieces of 
0.035 inch silver whe mounted in a small Incite block (fig. 1). The silver 
pieces extended about 8 mm. out of the block, and during experiments the 
ends were close enough together that the overall span of the contact of 


Fig. 1. Details of the riding contiguous electrodes. S, the silver wires; J , jackets; 
B, lucite block; TF, flexible resilient wires; L, supporting load pipe. 

Fig. 2. Records from turtle’s heart. Upper electrogram, from contiguous elec- 
trodes. iliddle electrogram, from unipolar leads. Lower record, R of reference 
electrocardiogram; 1 and 2, the two slopes of R. Intervals, vertical lines 40 msec. 

Fig. 3. Upper electrogram, from externa! surface of turtle ventricle near apex. 
Middle electrogram from internal surface immediately opposite external lead. 
Lower record, reference electrocardiogram. Intervals, 40 msec. 

Fig. 4. Shapes of unipolar records from different parts of the turtle’s ventricle, 
and the constancj' of relation of the onset of the extrinsic portion to the more 
gradual slope of the reference R. Intervals, tuning fork, 20 msec. Upper electro- 
grams; A, from early area near left base; B, near left raid-ventricle; C, later area 
just to right of apex. Lower electrograms; 11 waves from lead II. 

Fig. G. Records from the dog’s ventricle. A, B, C and D, upper electrogram, 
contiguous electrode record; middle, unipolar record, one of the contiguoirs contacts 
-•■erving ns the stigmatic pole to the unipolar galvanometer; bottom electrogram is 
from a reference contiguous electrode in the central area. Exploring leads unmover 
between A and B, and between C and D. 

and B, from early central area; C and D, from relatively late area near conn.’!. 
Xote .small pre-R elevation in C. ^ 

li, upp!.T electrogram from point on external surface near base of right ventnclo, 
middle elect rogr.am on internal surface immediately adjacent to external lea', 
l.o'.’.cr record, reference contiguous electrogram. Interv'nl.s, vertical lines 40 tM’C- 
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their tips with the iieart was about 1 ^ mm. The ends should not be sliarp, 
but a long rounded contour helps them maintain their position on a given 
locus of the surface of the beating heart, and reduces the width of their 
span. The Avues which connect these electrodes with the control box 
serve also as a resilient suspension for the assembly. This provides for 
the “riding” property Avhich is essential to the maintenance of a constant 
contact with the moving ventricle. Wires from discarded Harvard plati- 
num electrodes with all but the last laj’^er of insulation stripped aAvay, and 
with I 5 to 3 inches extending out of the supporting lead tube were found 
to permit the electrodes to follow the heart and yet be not too limber. 
In some experiments Aidth dogs and turtles, records Avere made from the 
internal surface of the Amntricle by leading A\'ith bipolar siUmr electrodes 
at the ends of suitably curAmd insulated tubes inserted Ada an auricle. 

The method of cliloriding electrodes is important. Sih'^er electrodes 
prepared by the Langelaan method (13) Averc found unsatisfactory for 
cardiac leads, but a series of experiments jdelded a method Avhich produces 
a high degree of non-polarizability AAdiich lasts Avell under experimental 
conditions. The silver is cleaned Avith strips of fine abrasive paper, then 
immersed to the desired depth in 5 to 10 per cent NaCl and attached to the 
positive pole of a 3 A'olt battery. The circuit is completed by a silver or 
jilatinum foil electrode attached to the negatiAm pole and immersed. After 
one minute the connector is moAmd to the 1-J- Amlt batteiy post and the 
process is alloAved to continue for 20 minutes longer. After preparation, 
the electrodes are kept AA'et AA-ith physiological saline. 

In use it aa'us found that electrodes AA'hich shoAA’cd no polarization AA'hcn 
immei’sed 3 or 4 mm. in Ringer’s .solution AA'ould polarize jjerceptibly AA’hen 
remoA'ed from the fluid and the ends placed in contact Avith the heart. 
In the latter case the area of the electrode-saline interface AA’as A^eiy .small. 
When this interface Avas enlarged by jilacing a jacket saturated Avith .saline 
.«oiu1ion around each of the sib'er pieces the non-polarizable quality aas.^s 
greatly improved. The jackets are practically indispensable also hccau.sc 
they maintain a constant Ica'cI of contact betAA’cen fluid and electrode, 
thus prcA’cnting ])otential changes by shifting of fluid kwels as the heart 
moA'os. .lackets .should be remoA’ed during cleaning and cliloriding of 
('lectrochv. A segment from the AvoA’cn tubular outer layer of a small round 
sluH'lace serves Avell as a jacket. 

On theoretical grounds the contiguous bipolar, like tin; difTerential elec- 
trode. should minimize the recording of jjolential.s of extrinsic origin, 
ih'ferem-f' to one of the scA'cral published diagrams (e.g., 1 1, fig- 2) shoAvinjI 
the distribution of isopotential line.s about Iaa'o oiqiositely charged point.-' 
in a plane conductor, or about the act i\’e-inactiA’e boundary in tissue make.- 
it clfVir that closely paired point.s not in close proximity to the .‘•oiina' of 
{sotejitial tlilTcrenccs A\iil b<> practically efjually afTected, 'fhis is not true 
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if the two leads are far apart, or if one of the pair is remote. Practical 
tests support these deductions. Contiguous electrode records from the 
dog's auricles show no ventricular deflection, and ventricular records show 
no auricular influence. Electrodes on the dog’s aorta 2 mm. from the 
rajmeardium show no deflection. The freedom from extraneous electrical 
influences was also demonstrated by appljdng short D.C. potentials of 
more than 40 1 'olts through electrodes 1 cm. apart and less than 1 cm. from 
the leads, without causing excessive movements of the string. In a sample 
experiment, the recorded potential difference was 0.05 per cent of that 
applied 1 cm. awajx By careful orientation this can be even further 
reduced. It, therefore, apjDears safe to conclude that anj’- deflection in the 
riding contiguous electrode record is the result of electrical activit}’- within 
a local area of small dimensions. 

Potation of the electrodes, maintaining the same locus as exactly as 
possible, makes large changes in the spike recorded, but none or very little 
in the moment of its beginning. The changes arc in height, width, and 
direction. The recorded jiotential difference (height) varies from maximal 
to minimal with changes in orientation, but the changes are not entirely 
predictable. The variation in separation of the limbs ranges (e.g., on the 
dog’s ventricle) from the narrowest that the string can record to a maximum 
of about IS msec. These changes cannot be accounted for in terms of 
conduction along the surface alone, but must involve conduction to the 
surface fibers. Insufficient information is availalDle concerning the detailed 
relationships of conduction in the various cardiac tissues to afford a clear 
explanation at present. 

When polarizing currents or brief stimuli evoke idioventricular contrac- 
tions, much greater changes than those produced bj’' rotation of the elec- 
trodes may be seen. The deflections become wider and may assume 
bizarre shapes. This is especially true at points very near a polarizing 
electrode, or in discharges resulting from stimuli delivered in late systole, 
or in multiple trains of discharges from such a stimulus. These changes 
arc due to alterations in rate of conduction and of the direction at which 
impulses approach the two electrodes. These observations suggest new 
uses for such electrodes in the study of conduction and its disturbances 
and alterations. 

Turtles. Specimens of Pseudemys elegans with carapace width of 5| 
to 6 inches were used. Exposure rvithout bleeding was made by trephine 
opening (3 in. in diameter) in the plastron over the heart region. The 
leads for the reference electrocardiogram were freshly prepared large silver- 
silver chloride wkes, one of wliich was embedded in saline saturated cotton 
just cephalad to the auricles and about 2 cm. to the right of the midline. 
The other was inserted in the muscle in the left side of the pubic region. 
Once placed, these electrodes remained undisturbed thi-oughout the experi- 
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merit. In order to compare the contiguous electrode and unipolar methods 
of recording and to more surely recognize the local electrical sign in both 
kinds of records, many experiments were done in which the two kinds of 
records were made from the same place, one of the contiguous contacts 
serving also as the active unipolar lead. In such cases records were made 
from each gahmnometer with the other turned off because intercoupling 
occurred ivhen both of these galvanometers were recorded simultaneoush'. 
The electrodes were not moved between these determinations. In records 
from turtles the sharp onset of the spike in the contiguous electrode record 
usuallj^ coincides with onset of the negative upswing of unipolar electrode 
records within 5 msec. Ordinarily, the coincidence is closer, frequently 
exact. Rarel}’-, there are splintered, unusual shaped deflections in unipolar 
leads that cannot be used. 

The relationship of unipolar and bipolar leads to R of the reference 
electrocardiogram is shown in figure 2. The reference deflection exliibits 
two slopes marked 1 and 2 (shown also in fig. 4). The examination of 
many records disclosed that no area on the surface of the turtle ventricle 
exliibits signs of surface excitation (sharp onset of contiguous electrode 
record or negative upswing in unipolar record) earlier than about the 
moment of the bend from the more gradual to the steeper slope of the 
reference R. The earliest surface records are approximate!}" simultaneous 
with this bend and excitation at all later areas comes on the steeji slope 
to the peak and beyond the peak. Deflections recorded from the internal 
surface of the ventricle have been found to precede those from adjacent 
external areas by 15 to 40 msec., and they occur mainly within the interval 
occupied by the more gradual slope of R, though from late areas both 
spikes may occur during the steeper slope (fig. 3). 

As shown in figure 2A, the contiguous electrode spike is sometimes pre- 
ceded b}’ a slight deidation just ahead of the sharp break. Tin's is not 
synchronous with any feature of the reference electrocardiogram. It is 
probably of subsurface origin, and does not at all obscure the onset of the 
spike. In contrast to the deflection recorded by contiguous electrodes 
which upon correct orientation always display clear spikes, records from 
unipolar leads on different pads of the ventricle are differenth" shaped. 
From the arca.s that exhibit early surface spikes in contiguous Icad.s the 
initial deflection (R complex) of the unipolar lead is entirel}' in the negative 
direction, the surface excitation being indicated by an abrupt ri.se of a 
steep negative slope from one that was low and flat. In areas that show 
.«urfa(’e excitation latc.st the deflection is wholly or almost wholly below 
the base line, movement in the negative direction being chiefly a .swift 
return. Ihtwecn the.-e there are many gradations corresponding to the 
re-lative tirne.s of .STirface excitation (fig. 4). In all cases the po.sitivc phase, 
or th(‘ hnv negative extrin.sic ph.'tse in regions without a po.sitivc ph.a--!* 
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begin simultaneously with the more gradual slope of R of the reference 
electrocardiogram (fig. 4). There is no progression in the onset of the 
extrinsic phase of unipolar records from the surface of the turtle heart. 

Results. The sequence of excitation of surface areas as derived by 
the methods described is in general agreement with reports that have been 
made from studies on other species of turtles (14, 16, 12). Figure 5 shows 
the results of an experiment that may be considered as t 3 ^pical during the 
spring. The interval between earliest and latest points is 34 msec., and 
is usuall}’" witliin a few milliseconds of 40. During the winter this interval 
maj’- be 60 to 70 msec. In late summer it is much less, frequentty in the 
neighborhood of 25. The sequence, however, remams relativel}" the same. 
The earliest points are in the left basal and left central areas, and the 
direction of spread is somewhat diagonally toward the apex and toward 
the right. The latest point is frequentl.y on the right border no more than 
halfwaj’’ from base to apex. 

Dogs. Dogs were anesthetized with morphine and barbital sodium. 
The chest was opened along the sternal midline and the heart suspended 
in a pericardial cradle. The ventricles of ten dogs were studied. Three 
pairs of leads could be applied to the ventricle simultaneousljL In some 
experiments the}’’ were all contiguous sets, one for a constant reference 
record and two for punctate measurements. 

Results. Records from contiguous electrodes consist of an initial com- 
plex and a T wave (fig. 6). The initial complex has a prominent sharp 
spike deflection R, and from some areas, one or more small (pre-R) deflec- 
tions, shown in figure 6, C. The first pre-R event may precede the main 
spike by any interval from 0 to 20 milliseconds. In some records it is 
merely a bevel of 1 to 3 msec, leading to the sharply breaking upturn of R, 
and in others no preceding event is detectable. The interval between 
pre-R and R is smallest in the thin-walled central and trabeculated areas 
of the right ventricle. Records from various points on the right ventricle 
made with internal and external leads opposite each other and separated 
only by the thickness of the myocardium show that the deflection from 
the internal lead (fig. 6, E) always preceded the external deflection. In 
the thin central portion where early surface responses occur, the interval 
of internal precedence ranges from 1 to 5 msec., wloile over the rest of the 
right ventricle, sampling all parts except the conus, the difference was 9 
to 12 msec. The range of interpunctate intervals on the endocardial sur- 
face is small. The maximum in the right ventricle is about 6 or 7 msec. 
The internal spike appears to have a close association •ndth the pre-R 
surface events, but they are not identical. When the pre-R elevations 
were multiple the internal spike occurred during one of them; when single, 
they appeared simultaneously, or the internal spike fell within the dura- 
tion of the pre-R deflection. The internal spike usually was narrow and 
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sharp. The pre-R deflections probabl 3 '- are not records of action currents 
in the subendocardial conducting tissues themselves, but thej" are asso- 
ciated with conduction beneath the external surface of the ventricle. 

The relations of bipolar and unipolar leads to a standard bipolar lead 
from another area are shown bj’- comparison of A, B and C, D of figure 6. 
Unipolar records contain a positive phase followed bj'^ a returning upswing 
which continues bejmnd the base line as a negative wave (fig. 6 B). The 
relative prominence of these two vaiy with the time of excitation of the 
areas, much as in the case of the turtle ventricle (cf. fig. 6, B and D). 
These measurements were made by contiguous and unipolar leads from 
the same placement of electrodes, one of the contiguous points ser^^ng as 
the stigmatic pole of the unipolar pair. As in the turtle experiments, the 
galvanometer connected to the unipolar leads was turned off (infinite 
resistance), while the contiguous electrode record was being made and 
%uce versa, but the electrodes were not moved between records. The 
deflections in all leads are much more consistentlj’^ sharp and unequivocal 
from mammalian hearts than from the turtle. It is excecdinglj’- rare that 
one has cause to question the instant of onset of the contiguous electrode 
spike within 1 msec, and the unipolar upstroke in the negative direction 
is usuallj'’ free of complication. Occasionallj’- there is an angulation of 
five to ten milliseconds’ duration, ending in a sharp bend upward. In all 
cases the onset of the contiguous spike and the sharplj’- upbreaking point 
of the unipolar deflection coincide most closely, rarely vaiying from each 
other bj’’ more than 2 msec. Neither event bears anj’- significant relation 
to the onset of the positive phase of the unipolar record. 

Figure 7 shows the relative times of surface excitation at points on the 
ventral aspect of the right and left ventricles in two dog experiments 
which maj’- be considered typical. As previousl}" reported bj’- others 
(15, 19), the earliest points are found in the central area on the trabeculated 
region of the right ventricle and near mid-septum. The process arrives 
at other areas of the right and left ventricles later, the conus latest of all, 
though in some hearts it is not excited much later than some points on the 
left ventricle. A few records made from the vortex ivere found to be quite 
early, 4 to 7 msec, after the earliest point. In no experiment was the span 
between earliest and latest points on the ventricular surfaces more than 
22 msec., with a variation from 18 to 22. These figures considered in 
conjunction with those derived bj'’ internal leading and internal-external 
pairs tend to confirm the deductions of Lewis and Rothschild (15) that 
the impulse arrives at all parts of the endocardium within a ver 3 ’' brief 
interval and from there proceeds through the m 3 mcardium to the surface 
much more sIow^l 

Cats. The hearts of eight cats were studied. These animals were anes- 
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thetized with diaP and the thoracic contents exposed b}’' midsternal sagittal 
opening in a manner generally similar to that used in the dog. The ven- 
tricles were explored with the contiguous electrodes and the relative excita- 
tion times plotted. As in the dog ventricles, there is a degree of orderly 
sequence, but with some variations in absolute values found for correspond- 
ing points in different hearts. Figure 8 shows the results of one experi- 
ment wMch maj’' be considered as a fair sample. Like the dog ventricles, 
the earliest area is near mid-septum and in the immediately neighboring 
region of the right ventricle. The relationsliips in other regions resemble 
those of the dog heart also, but the values are smaller, generally orie-half 
to two-thu’ds of the figure for the corresponding region of the dog ventricle. 
In some cat experiments, one difference was noted. In regions along the 
margin of the left ventricle ordinarily exhibiting an action current 6 to 
8 msec, after the earliest there would be an occasional reading that was 
veiy early, onlj’- 1 or 2 msec, after the earliest. The meaning of tliis has 
not been learned. Erfmann’s (6) measurements on cats’ hearts with dif- 
ferential electrodes Avere chiefl}'’ from the base and apex. Some of his base- 
apex intervals are greater than any found in those experiments. Surface 
contiguous electrograms from cats and monkeys show pre-R elevations 
qualitatively like those in dog records. 

Monkeys. Two hearts of Macacus rhesus monkeys were mapped, many 
points being recorded from both dorsal and ventral surfaces. The results 
of one of these experiments are shown in figure 9. The pattern of surface 
excitation appears similar to those of the dog and cat Avith respect to 
certain large features, but there are also differences Avhich may be signifi- 
cant. Similarities are points of earliest excitation in the central region 
of the right Anntricle near the septum, and late areas on the conus region 
of the right Amntricle and at the more basal and dorsal portions of the 
left, the latter being excited relatiAnly later in the monkey’s heart, ffhe 
most striking difference is in the irregular and Avidespread area Avhich 
receiA'cs excitation early, as shoAAn in figure 9A, The AA’hole right A'cntricle, 
except the conus region and a basal lim band extending far around on the 
dorsal aspect is excited Avithin 5 msec. In the experiment illustrated m 
figure 9A, the area of early excitation also includes the apex and right half 
of the left A'cntricle, though there arc points immediately left of the .septum 
Avhich arc later than apical and mid-A’entral portions of the left A'cntricic. 
Measurements on the tAvo licarts agreed closely o.xccpt on the latter twa 
are.'ts, the ai)ex and mid-A'cntriclc on the heart not illustrated .shoAVjng 
A’aliH'S of 0 and 7 msec, after the earliest. The breadths of span from 
earlie.-'i to late.-^t points avci'c 13 and 14 msec, in the two hearts. 

' T!if dial used in the experiments on e.'itn and rnonkeys was Rcncrou.sly eon- 
tributf'd hy the Cih.e Company, Inc. 
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Discussion. A consideration of the fundamental nature of excitation 
or of action potentials is not the purpose of this presentation, but in order 
to measure the temporal spacing of events one must be able to recognize 
their signs. It has been seen that the onset of the portion (positive or 
negative) of the unipolar complex preceding the quick upstroke led from 
any part of the ventricle coincides in time with the beginning of the more 
gradual slope of R of the electrocardiogram which is temporally associated 
with excitation and conduction in tissues within the turtle ventricle (per- 
haps the auricular funnel tissue). Therefore, this part of the unipolar 
record can be dismissed as being no part of the electrical manifestation of 
local .surface excitation. The close agreement between the onset of the 
spike in the contiguous electrode record and the steep upstroke of the 
unipolar record supports stronglj^ the old idea that the sharp movement 
in the negative dhection is the unipolar manifestation of an action current 
in the local surface area. This finding agrees not only with the great 
mass of observations from complex tissues but also those of recent experi- 
ments in which excitation has been studied under conditions of minimal 
anatomical complication. When electrodes were placed opposite each 
other, one on the inside and the other on the outside of the membrane 
of the squid giant axon the action potential with reference to the outside 
lead consists of a negative spilce and an after-potential (5) . It has recently 
been demonstrated that the large decrease in electrical impedance (depo- 
larization?) across the membrane of the squid giant axon and of Nitella 
which accompanies excitation by a propagated impulse occurs during the 
rising phase (negative) of the monophasic action potential. The part of 
the action potential preceding the local membrane changes is tentatively 
interpreted as a passive fall of potential affecting the electrode ahead of 
the approaching partial short circuit (4). If this explanation is correct, 
action potential leads sufficiently near together should tend to eliminate 
the preceding fraction and approach the limit of zero interval between the 
onset of the action potential and the fall of impedance. Bishop (2) has 
referred to studies of electrical phenomena occurring on excitation of plant 
and animal cells, citing them as evidence that the process of excitation 
is general. 

The variations in the interval found between excitation of earliest and 
latest external surface points on the turtle ventricle agree quite well with 
those of Lewis (14) if both summer and winter experiments are included. 

The results of measurements on the dog's ventricles agree quite closely 
with some of those of Lewis and Rothschild (15) and of C. J. Wiggers (19). 
The same general sequential pattern exists and frequentlj* there is close 
quantitative agreement. The main difference found is in the magnitude 
of the variations reported in some of their experiments. Instead of an 
inter\'al of IS to 22 msec, between earliest and latest points in different 
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experiments and a maximal variation of 4 or 5 msec, between corresponding 
points, the}" report wdder variations. In the experiments of Levis and 
Rothschild the interval betiveen earliest and latest points was nearly always 
greater than 20 msec, and frequently approached 30. C. J. Wiggcrs’ 
variations were from less than 20 msec, to more than 30. Doctor Wiggers 
has expressed the opinion that the stitcMng of the wick lead to the myo- 
cardium, though done in many experiments with an oiled horse-hair, may 
have affected the records. 

The experiments with cats may offer a clue to some of the variations seen 
in experiments on dogs. The cats’ hearts used were much smaller than 
those of the dogs, but the excitation pattern was quite sunilar. The dif- 
ferences are quantitative and appear to obey a faMy constant propor- 
tionality thi’oughout the various areas. This suggests that the differences 
in intervals noted between cats’ hearts and dogs’ hearts may be a function 
of size. Our dogs were of faudj’’ uniform weight, 9 to 12 kgm., and there- 
fore do not give a conclusive answer. It appears possible, too, that some 
of the largest figures of others for interpunctate intervals were derived 
from very large hearts. 

The results reported by Abramson and Jochim (1) were obtained with 
the exposed thoracic contents covered by a warm moist chamber. The 
figures v'hich thej- chose as the tine ones showed maximal interpunctate 
intervals on the ventral surface of the dog’s ventricle of no more than 8 
to 9 msec. The}' attribute the greater differences in the results of Lewis 
to surface cooling and drying of the exposed heart. The factor of drying 
has been prevented in our experiments by meticulous care to keep the 
ventricle moist by an automatic dropping SA^stem. To test the “cooling 
hypothesis” the surface temperature of a ventricle wliich had been used 
with the chest open for six and one-half hoius and Avhich had been fibril- 
latcd and defibrillated a number of times aars measured Avith a Tycos 
dormatherm Avith the stigmatic junctions of the thermojiile coA'cred Avith 
cellophane. The rectal temperature aa'Os 37.2°C., the room temperature 26, 
and that of the ventricular surface, 37.0. This is in confirmation of a 
scric.s of incasuremcnts Ijy Wiggers and AYegria (20) Avho found that the 
temperature of the cardiac surface in open-chested preparations closely 
aijproximatcs that of the blood. The results of Abramson and .Jochim 
nt'cd a different explanation and confirmation. 

'J'ho experimenis of Erfmann (0) with differential electrodc.s arc .some- 
tirne.s cited a.s cA'idence that the A'arious areas of the dog’s A'cntriclc arc 
excited simultaneously. But Erfmnnn’s protocols shoAV inteipiinctatc 
interA'ai.s A\-hich might be con.sidered large, c.g., in e.xperi merit IX, base- 
aiiex difference.? i-ange from G to IS msec. The largest of the.se rank among 
the liighest of comparable A*alue.s reported by Lrnvis and Rothschild or 
C. J. AViggens. The exjierimcnts of H. C. AA'iggens (21) using the mono- 
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phasic method of recording showed exactly simultaneous moments of onset 
of the monophasic cur\’’e over large ventricular areas, and then other series 
whose values differ from the first group, hut are simultaneous within each 
areal grouping. Such groupings appear to be in accord with the state- 
ment of Eyster, Meek, Goldberg and Bartsch (9) that the monophasic 
method measures the moment of onset of activity in areas adjacent to 
the injury rather than in loci to which the “active” electrode is apphed. 

Eyster, Meek and Gilson (7) measured the sequence of occurrence of 
differential peaks from loci distributed over the dog’s ventricle. The in- 
formation in then- brief report is consistent with the measurements of onsets 
of contiguous electrode spikes or unipolar negativity, but only gross devia- 
tions would be subject to detection. In view of the findings of Cole and 
Curtis, it is possible that the peak of the differential curve may offer a 
fah’ approximation to the moment of impedance fall. However, in con- 
sideration of the fact that rotation of contiguous electrodes changes the 
width of the spike and the temporal distance of the peak from the onset, the 
onset may be expected to bear a more constant relation to the moment of 
the first local excitation change under the earlier of the lead points than 
does the peak. 


SUMMARY 

Methods of electrographic leading have been considered and a new type 
of simple leading electrode assembly, riding contiguous electrodes, de- 
scribed. Evidences are offered' to show that cardiac action currents re- 
corded by them are local in origin. 

Two slopes are described in the electrocardiographic II wave of the 
turtle. The earlier, more gradual one, occurs during the time that local 
spikes can be recorded only from inside the ventricle, and the steep slope 
and a short time beyond the peak occupy the interval during which signs 
of surface excitation are recorded. The beginnmg of the extrinsic part of 
the initial unipolar complex from all areas is simultaneous with the begin- 
ning of the more gradual slope of R. 

On both the ventral and dorsal surfaces of the turtle ventricle surface 
excitation occurs earliest in the left-basal area and progressively later in 
areas toward the right of the apex. The interval between earliest and 
latest surface points may vary from 26 to 70 msec., varying with the season. 

From the dog’s ventricles the onset of contiguous spikes was found to 
coincide with the upstroke in the unipolar record, as from turtle heaids, 
but the records are sharper. Small pre-R deflections ahead of the contigu- 
ous electrode spikes are described, and they were found to be associated 
with the spike from the internal surface in an inconstant manner. The 
pre-R deflection is ascribed to conduction in fibers below the surface. 

The sequence of surface excitation in the dog’s ventricles was found to 
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confirm generally the findings of Le^^^s and Rothscliild and C. J. Wiggei-s, 
but the maximal intervals between areas was less than many of theiis. 
Factors which might account for tins are discussed. Comparative meas- 
urements from other investigators are considered. Leads from the inter- 
nal surface of the dog’s right ventricle indicate that the whole endocardial 
surface is activated vdthin a veiy brief interval and the excitation passes 
through the wall much more slowly. 

The spread of excitation over cats’ ventricles was found to follow the 
same general pattern as in the dog, but the intervals are only about two- 
thirds as great or less. The difference may be accounted for bj" relative 
sizes. 

The pattern of excitation of the ventricles of hlacacus I'hesus monkeys 
differs somewhat from that of dogs and cats, but the greatest intervals 
between surface points are approximately equal in cat and monke}’^ hearts 
of similar sizes. 

Recent fundamental experiments on the process of excitation are men- 
tioned, and from them is suggested the possibility that the onset of the 
sharp contiguous electrode spike approximates the instant when the large 
fall of electrical impedance, and hence perhaps depolarization, occurs. 
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The clearance of diodi’ast from plasma in human beings is beheved to 
be approximately equal to the rate of flow of blood plasma through excre- 
tory renal tissues (Smith, Goldring and Chasis, 1938). Indirect evidence 
suggests that the removal of diodrast from renal blood in human beings is 
nearly complete (Smith, 1940). 

The present report is concerned with direct measurements of the removal 
of diodrast from blood by the subcutaneously explanted kidney of dogs. 

Methods. One or both kidneys were subcutaneously explanted by the 
method of Page and Corcoran (1940), the non-explanted kidney being 
removed at a subsequent operation. Observations on diodrast excretion 
were not begun until three or more months from the time of last operation. 

Diodrast, phenol red and inulin in 0.9 per cent NaCl solution were 
infused intravenously at about 1 cc. per minute, in concentrations designed 
to maintain phenol red (P) and inulin (I) at plasma levels of 0.7 and 70 
mgm. per 100 cc., respectively, while the diodrast content was varied 
according to the plasma concentration of diodrast desired in the experiment. 
Administration of the infusion was preceded by a smaller priming dose of a 
more concentrated solution. Observations were usually begun 20 to 30 
minutes after the priming dose had been given. The preparation of solu- 
tions, collection of urine and blood, determinations of phenol red and 
inulin concentration, calculation of renal clearances, extraction ratios and 
renal plasma flow have been described by Corcoran and Page (1939). 

For brevity the following abbre\iations are used: D, diodrast iodine 
concentration; PW, plasma water; CW, cell water; Cd, diodrast clearance 
in cubic centimeters of plasma per square meter body surface per minute; 
E, renal extraction ratio, which is calculated as (A-V)/A, where A and V 
are, respectively, the simultaneous arterial (or jugular) plasma concentra- 
tion, and V is the renal venous plasma concentration, of phenol red, inulin 
or diodrast. Renal plasma flow (RPF) in cubic centimeters per square 
meter per minute was calculated and averaged from the plasma clearances 
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and extraction ratios of phenol red and inulin by the formula C/E. 
Plasma water content 0?,^.) was assumed to be 93 per cent and red blood 
cell water content (C„.) 74 per cent. 

Tlie diodrast clearance in human beings is depressed at liigh jilasma con- 
centrations because of overloading of the tubular excretoiy process, which 
has a limiting maximal rate (Smith el al., 1938). A similar limitation in 
tubular excretion is present in the dog, as has been demonstrated for phenol 
red by Shannon (1935) and for diodrast and other substances by Smith 
(unpubhshed observations). Since increasing either RPF or D increases 
the load of diodrast carried to the tubules, it is appropriate, in comparing 
various observations, to consider this “load” (RPF X D) rather than 
plasma concentration alone. 

Diodrast analysis. Samples of urine and plasma collected in Indi- 
anapolis were sealed in glass ampoules and mailed to New York for the 
determination of diodrast content by the method described by Smith, 
Goldring and Chasis (1938). The adequacy of tliis method for rccoveiy 
of diodrast iodine from plasma at concentrations lower than those met in 
the analyses of renal venous blood was demonstrated by a substantial series 
of recoveries. Inorganic iodine blanks (0.02 to 0.04 mgm. per 100 cc.) 
were in some instances observed in the analysis of samples of plasma ob- 
tained before diodrast was given, and in these instances a correction was 
made by subtracting the bland from both arterial and renal venous diodrast 
concentration. This correction was made on the assumption that this 
iodine is excreted with low and negligible clearance. The method of White 
and Rolf (1940) was used in analyses made in most of the specimens from 
dogs wth bilateralR explanted kidneys. Analyses of red blood cell D 
were obtained from the difference between whole blood and plasma values. 

Results. Distribution of diodrast in plasma and red cells. Tlie latio 
Rew/Rpw in arterial (or jugular venous) jjlasma of dogs averages 0.49 and 
ranges from 0.33 to 0.61 in 15 observations made during constant or very 
.slowly changing D. Ratios ranging from 0.12 to 0.67 were encountered 
in observations made during rapid shifts of D. Low ratios are associated 
vith rising D and vice versa, and the ratio is restored towards the moan 
as D is maintained for 10 to 20 minutc.s. The value of the ratio is inde- 
pendent of tlie absolute value of D, 

The ratio Dew/Dpw in renal venous blood varies from 0.31 to 2.33 and 
is highe.st at high arterial D. 


The ratio averages 0.72 in 11 observation.^ at renal 

Dew renal artery 

%'enous of 0,15 to 1.1 mgm. percent, and varies from 0.55 to I.2.S. In 
6 ol)'ervalion> at iiiglurr renal venous (2.0 to 3.3 mgm. per 100 ec.) 
th.e mean is 0.79. 

JCriraclion ratio of diodrasl. Plasma. The mean pla.^ma e.xtraetion ndio 
of fii(K!r;!:“t (Ej,) from pla«ma in uninephrectomized dogs with single e.v- 
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planted Iddneys is 0.84, with extremes of 0.79 to 0.96 in 19 observations 
at renal loads of from 0.5 to 4.9 mgm, per square meter per minute. Ep 
decreases at higher plasma loads (fig. 1), no doubt because of encroachment 
on the maximal rate of tubular excretion. In dogs vdth bilaterallj’- ex- 
planted kidneys, Ep averages 0.83 (9 observations) and ranged from 0.73 
to 0.89 at renal loads of from 0.5 to 10 mgm. of iodine per square meter 
per minute. A few anomalously low values, possibly due to contamination 
of the renal venous sample vith arterial blood or wth urine, or to the 
opening of arterio-venous shunts in the kidney, are not included in this 
report. 

mg. D per sq. m. per mm. 
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Fig. 1. The relation of renal diodrast extraction percentage to apparent renal 
plasma load. Ordinate: renal plasma load of D. in milligram per square meter of 
body surface per minute (RPFxDp)- Abscissa: diodrast extraction percentage 

A 

Red hlood cells. Diodrast extraction from red cells (Ep) in dogs with 
bilaterally explanted kidneys averages 0.203 at renal plasma loads of from 
from 0.5 to 9.9 mgm. of iodine per square meter per minute and ranges 
from 0.043 to 0.514 (10 obseivations). At renal loads of from 10 to 40 
mgm. of iodine per square meter per minute, the mean of 7 observations 
is 0.215. Tlnee instances of apparent addition of diodrast to red cells in 
the kidney were not included in the calculation of those means. 

Whole hlood. Diodrast extraction from whole blood (Eb) at renal loads 
of from 0.5 to 10 mgm. D per square meter per minute averages 0.707 in 
9 observations in a dog with bilaterally explanted kidneys, and ranged from 
0.64 to 0.82. 

Diodrast clearance and renal hlood flow. In those experiments at low 
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loads (0.5 to 5 mgm. of iodine per square meter per minute) in iinineplu-cc- 
tomized dogs, the mean ratio of plasma Cd to E.PF is 0.87 (25 observations), 
the apparent renal plasma flow, as calculated from Co/Ep is 1.06 RPP. 
Two experiments (7 observations) in dogs with bilaterally explanted kid- 
neys jield similar values. The ratio ^ hole blood (^/Eb ^ g- these. 

renal blood flow 

Discussion. Distribution of diodrast in cells and plas77ia. White (1910) 
has confirmed the observations of Smith, Goldring and Chasis (1938) that 
diodrast enters red blood cells in vitro very slowly, but has found that 
penetration in vivo occurs rapidly. Apparently equilibrium is reached 
before 20 minutes. The distribution ratio (Dew/Dpw) found by White 
(0.58) is in fair agreement with our average of 0.49. The reason why 
diodrast is not distributed uniformly per unit of plasma and cell w-ater is 
unknowm. 

The variability of the ratio (Dcw/I^pw) renal venous blood and its 
general proportionality to the diodrast content of arterial blood is pre- 
sumably due to failure of establishment of cell/plasma equilibrium in the 
short time of a single renal passage C'^^Tite, 1940). 

The diodrast content of renal venous cell w^ater is nearly always lower 
than that of arterial cells. The mean ratio of these values of 0,72 found by 
us at low' plasma levels agrees with the value of 0,77 found by White (1940). 

Renal extraction of diodrast. The mean extraction of diodrast from 
plasma in dogs at low' renal loads is apparently unaffected by uninephrec- 
tomy, although the low'er tubular mass of uninephrcctomized dogs causes 
depres.sion of extraction at lower renal loads than in dogs in w'hich both 
kidneys are present. Our mean value (0.84) is somewhat higher than that 
found b}’’ White (1940) in dogs with single explanted kidneys (0.74). This 
difference is possibly due to the fact in White’s observations the mean 
included all data obtained at plasma D of less than 13 mgm. per 100 cc., 
whereas our average is based on data obtained at relatively low loads. 

The mean extraction from red blood cells in our oiiservations agreCft 
with the value of 0.23 found by White (1940). Apparent addition of 
diodrast from plasma to the red blood cells during renal pa.ssage was 
noted in three instances. The significance of this observation is not clcai, 

O'hc extraction from w'hole blood in our observations in dogs with bilat- 
erally exjdanted kidneys is 0.707 in contrast to the value of 0.56 found by 
White (1910). By our average Ep of 0.84, mean Ec of 0.20 and arterial 
(Denv/Dpw) of 0.48, the calculated should be 0.09. Similarly, in the 
data report<‘d by ^^^nte (1910), the mean Ep of 0.74, Be of 0.23 and arteria 
(Dew/Dpw) of 0.57 give a calculated Ej, of 0.59, as compared with the 
observed vidue of 0.57. Thus the observed Ej, in both cases agree witi 
the values calculated from independent data. This agreement sugge.-ts 
that the differences in Eb between White’.s obscr%'ations tmd tliose ropnricf 
here :ire .'vsternatic. 
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Diodrasi clearance and renal blood floiv. The contribution of a fraction 
of the red blood cell diodrast to the urinary excretion renders the measure- 
ment of true i-enal plasma floY' uncertain in the absence of analysis of renal 
venous blood, as '^^^litc (1940) has pointed out. In the present observa- 
tions RPF = 0.943 Co/Ep, as compared with 0.89 Cn/Ep in White and 
Heinbecker’s observations (1940), deviation from unity representing the 
contribution of diodrast from tire cells. Balancing this contribution from 
the red cells (6 per cent) is the incompleteness of plasma Ep (14 per cent). 
Diodrast plasma clearance is therefore less than true renal plasma flow 
and the ratio RPF/CD averages 0.87. True renal plasma flow is therefore 
1.15 CD while the value obtained by White and Heinbecker (1940) was 
1.2 CD. 

We may add the cautionary note that because of occasional low extrac- 
tion ratios observed by White and Heinbecker and ourselves, and because 
the explanted kidney is perhaps subject to abnormal stresses, especially 
on the renal vein, and frequently shows some thickening by the capsule 
and scarring, we are not fullj'’ convinced that the values for the extraction 
ratio here reported represent the normal average value in the kidney in situ. 

SUMMARY 

Diodrast intravenously infused in dogs is unequallj’’ distributed between 
the plasma and red blood cells, the distribution ratio between cell and 
plasma water being approximately 0.50. 

At low renal loads, the extraction of diodrast from arterial plasma during 
its passage through the explanted kidneys of dogs averaged 0.84. Diodrast 
extraction was not affected by uninephrectomy. 

Renal extraction of diodrast from arterial red blood cells averaged 0.20. 
The removal of diodrast from arterial blood by the dog’s explanted 

, , , 1 ,, plasma diodrast clearance 

kidney is such that at low renal loads the ratio j-e^al plasma flow 

is approximately 0.87. 
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This study is the fourth of a series on the comparative physiology of 
placental transfer. It follows observations (1, 2, 3) on placental transfer 
of radioactive sodium across the hemochorial placenta (maternal and fetal 
circulations separated bj’- chorionic epithelium and endothelium of fetal 
blood vessels) and the endotheliochorial placenta (maternal and fetal cir- 
culations separated by endothelium of maternal blood vessels, chorionic 
epithelium and mesench 3 "me, and endothelium of fetal blood vessels). 
The placenta of the goat is sjmdesmochorial, i.e., the maternal and fetal 
circulations are separated in order by endothelium of maternal blood 
vessels, maternal connective tissue, chorionic epithelium, fetal connective 
tissue and endothelium of fetal blood vessels. As in the earlier reports, 
this studj’- has as its purposes an evaluation of transfer rate across a unit 
weight of placenta at various stages of pregnancy; a correlation of the 
transfer rate and morpholog}’^ of the placenta; and a comparison of the 
relative growth rate of the fetus and the rate at which sodium is supplied 
to a unit weight of fetus at different periods of gestation. 

Expekimental pkocedure. The general experimental jJrocedurc has 
previousl}' been fullj- presented (1, 2), Radioactive sodium (Na-^, pres- 
ent as the chloride, was prepared bj' use of the Harvard c.yclotron. Ap- 
proximaUdy 30 microcuries were taken for injection into an ear vein of a 
pregnant animal. The radioactivities of fetal ash and maternal plasma 
were measured with a pressure ionization chamber-string electrometer 
circuit (1). Ether was given to the animals before dcliver}’^ of the fetuse.^ 
bj'^ Caesarean section. Pregnant animals were obtained from a local here 
of domestic goats and, except where noted, the gestation age was known. 

The units of radioaetiHty which have boon used arc those j)reviouslj 
given (1), The term “corrected” placed after values for Na^* means that 
these values have been corrected to a concentration of one beta-partie e 


l)er second per cubic centimeter of maternal plasma. 

Er.sci.TS. With the guinea pig (1), cat (2) and rat (3), the first c.Kpcri- 
inont.'i! step was to establish the curve describing equilibration of the Mu-’ 
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with the Na-^ in the maternal plasma. This permitted the removal of the 
fetus at a time when its concentration of Na=^, derived from the maternal 
plasma, was increasing in a linear manner. In \dew of information gained 
from previous experience and the limited amount of experimental material, 
it was considered inadvisable to establish the equilibrium curve for the 
goat. Instead, the volume of distribution of Na"' in the goat fetus near 
term was assumed to be like that of the guinea pig. Tliis ii-alue in the goat 
fetus at this period is probably about 30 per cent of the body weight. The 
transfer rate of Na-^ is of such magnitude (fig. 4) that at the end of two 
hours the fetus has approximatelj’- one-sixth the concentration of Na-^ 
anticipated at equilibrium. This deduction was verified in one young 
fetus by making sodium analyses on the materUal plasma and fetal ash, 
from these analyses calculatmg the apparent volume of distribution of Na 
per unit bodj^^ Aveight, and then comparing the rate of transfer of Na--* to 
the equilibrium Amlue established in this AA'ajL Prc\dous experience has 
shoAA’n that the apparent rate of exchange betiveen maternal plasma and 
fetus is linear up to and somewhat beyond one-sixth of the concentration 
found at equilibrium in the fetus. The routine procedure for measuring 
placental transfer in the goat has consequently been to remoA^e the fetuses 
by Caesarean section at a knoAvn interval of about tAvo houis after in- 
travenous injection of Na-^ into the mother. 

The change of placental weight AA'ith change of fetal v’eight is giA^en in 
figure 1. The lack of correlation betu-een these tAA’O quantities is notable. 
The placental AA'eight as noted refers to the combined AA'eights of the fetal 
cotyledons and does not include the intercot^'ledonaiy chorion. The 
total Na-^ transferred to the fetus per unit time, as this varies Avith change 
of fetal AA'eight or gestation age, is shoAvn in figure 2. The data of figures 
3 and 4 have been derived from those of figures 1 and 2. 

Figure 3 shoAvs the changes in rate of transfer across a unit AA^eight of 
placenta from about the tenth \A*eek of pregnancy until term. There is a 
tln-ee or fourfold increase from about the tenth to the nineteenth and 
tAventieth Aveeks of gestation and then a decrease to term. 

Figure 4 gtyes in per cent the dailj'' relattye AA^eight increase of the fetal 
•goat as this varies AAdth fetal AA'eight. The daily per cent AA'eight increase 
has been calculated from that part of the data of figure 2 AA'hich relates 
fetal AA'eight to knoAvn gestation age; the method of calculation has pre- 
Adously been gh'en (1). Figure 4 also gwes the transfer rate of Na-^ per 
gram fetus per hour as tliis changes AA'ith fetal AA'eight. The tAA'o curves are 
similar. The ratio of their ordinates at corresponding fetal AA'eights is as 
folloAA's: at 100 grams, 1.5; 200 grams, 1.4; 500 grams, 1.9; 1000 grams, 1.6; 
2000 grams, 1.5. 

The essential data are lacking for calculation of the safety factor for 
sodium (ratio of rate of supply of sodium to the fetus to rate of accretion 
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of sodium hy the fetus) at all stages of gestation. If it be estimated, how- 
ever, that the volume available to Na is 30 per cent of the bodj^ weight at 



Fig. 1. Variation of placental weight with variation of fetal weight. The gesta- 
tion ages of the fetuses are given in figure 3. 

Fig. 2. Variation of total hourly transfer of racliosodium to fetus with variation 
of fetal weight. The measured radioactivity of the fetal ash has in each instance 
been corrected to a concentration of one beta-particle per second per cubic centimeter 
of maternal plasma. 



Fig. 3. Variation of transfer rate of Na-‘ per unit weight of placenta with varirition 
of fetal weight or gestation age. The gc.station age of the triplet.^ and of the tains 
weighing S70 and 9(>0 grams was unknown. 


or near term, the .safety factor can bo calculated for thi.s period of gtssfatioi) 
using the formula previou.=!y derived (1): .safety factor = traii.«fer of Xa 
per gram fetus per hour (I'onected) X 2-1 hr.s. X IdO -F cfjuilibn'itt' 
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centration Na-^ (corrected) X daily per cent weight increase. This cal- 
culation gives a safety factor of 100 at or near term. An analysis of the 
Na of maternal plasma and fetal ash of a fetus of about the same weight as 
the smallest shown in figure 4 gave a value for the ratio of concentration of 
Na in the fetus to that in the maternal plasma of 0.5. Using this value, 
the safety factor for the fetus of 70 grams is 28. 

Discussion. The few observations (4) which have been made on the 
morphology of the placenta of the goat indicate that it is like that of the 
sheep and the conclusions drawn from the more numerous studies on the 
sheep have consequently been assumed to hold for the goat. The best 
evidence (4, 5, 6) leads to the view that within the cotyledonary placenta 



FETAL WEIGHT IN GRAMS 


Fig. 4. Comparison of curve describing variation of daily per cent weight increase 
with variation of fetal weight and curve describing variation of transfer rate per 
unit weight of fetus with variation of fetal weight. 


of these two animals, the maternal and fetal circulations are separated by 
endothelium of maternal blood vessels, maternal connective tissue, chori- 
onic epithelium and mesenchyme, and endothelium of fetal blood vessels. 
In Grosser’s classification (7), these are the characteristics of the group of 
placentae designated as syndesmochorial. 

During the last half or tliird of pregnancy, several changes have been 
described within the cotyledonary areas. According to Assheton (5), 
the chorionic epithelium in the sheep consists of two layers, the outer of 
which is syncytial. The syncytial layer apparently does not completely 
disappear but becomes discontinuous in late pregnancy. Andresen (4) has 
also noted a thinning of the chorionic epithelium. In addition, as gesta- 
tion proceeds, the fetal villi branch repeatedly and this leads to a reduction 
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of the connective tissue Ijnng between their epithehuni and the endothelium 
of maternal blood vessels. These morphological changes are reflected in 
the experimental data wliich show a three or fourfold increase in transfer 
rate from the ninth or tenth week to about the nineteenth and twentieth 
weeks of pregnanc 3 \ 

As in the cases of the guinea pig, cat and rat, the curve descrilDing the 
rate at which Na-^ is supplied to a unit weight of the fetus of the goat is 
similar to the curve describing the relative growth rate of the goat fetus at 
various parts of gestation (fig. 4). The comparison of these two curves 
gives a measure of the adaptation of the placenta, to fetal needs, for when a 
unit weight of fetus is reproducing itself relativeh’ rapidly there is a 
corresponding!}' large demand for the transfer of substances across the 
placenta to each unit weight of fetus. It has been tentatively proposed 
(1, 2, 3) that a fundamental principle undeiij'ing change in placental traus- 

TABLE 1 

Comparison of placentae of cat and goat; and relationship between troTisfcr rates of A 
per gram fetus and relative growth rates of cat, goat and guinea pig 
Values are those at the mid-point of the indicated period of gestation. Values 
for guinea pig and cat are taken from pre\aously published data (1, 2). 


TERIOD or CESrATION IN TE.VTHS OF TOTAi: 



0.6-0.7 

j 0.7-0.S 

O.S-0.9 

O.P-l.O 

Ratio transfer rates/gm. placenta, cat to 
goat 

0.95 

I 

1 

1.5 

1.8 

1.7 

Ratio relative growth rates, cat to goat 

5.1 

4.6 

3.S 

■fill 

Ratio transfer rates/gm. fetus, cat to goat. . . 

; 2.0 

2.4 

2.4 

2.7 

Ratio relative growth rates, guinea pig to 
goat 

i 

4.1 

4.6 

4.0 

4.0 

Ratio transfer rates/gm. fetus, guinea pig to 
goat 

5.2 

5.7 

5.9 

5.7 


fer dining the gc.station period is that the rate of placental transfer to a 
unit, weight of fetus shall vary as does the relatii'c growth rate of the fetus. 
The degree to which this hyi^othesis is satisfied b}' the data on the goat has 
been .shown above by a comparison of the ordinates of the relative grow th 
cutwe and the curve of transfer rate of Xa-’ per gram of fetus. 

Not only is the relative growth rate of the fetus of a particular anima 
to be related to the rale of supply of a substance to a unit weight of fetus 
but the same sort of relationshij) between fetuses of difTcrent animals ma} 
be demonstrated. In table 1 the ratios of the relative growth rates of tin 
fetuses of guinea pig and go.at are given at different part.s of gc.sfatmii. 
A'alues are also given for the ratios of the transfer rates per gram of fetus. 
These two sets of ratios arc remarkably alike, Tlie values for the ratm^ 
of the relative growtli rate.s of f«'tuse.s of eat and goat deviate more from t a. 
mtios of rate.s of tran.'^fer of Xa*' per gram of fetus (table 1). 
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Table 1 also gives a comparison of the rates of transfer across unit weights 
of the placentae of the cat (2) and goat. The transfer rates per unit weight 
of placenta are alike in the sixth tenth of pregnancj'^ and, indeed, the trans- 
fer rate of the cat’s placenta at no time appears to be more than double that 
of the goat’s. This is a difference not exceeding that found between placen- 
tae belonging to the same morphological group (3). From the viewpoint 
of rate of placental transfer as judged b}-- Na^'*, therefore, it appears likely 
that the syndesmochorial placenta of the goat maj’’ be placed in the same 
group as the endotheliochorial placenta of the cat. All other structures 
placed between the fetal and maternal cumulations in the two placentae 
being considered more or less alike, it is not surprising that the additional 
maternal connective tissue of the cotyledons of the goat should have little 
measurable effect upon the transfer rate. Caution must be used in apply- 
ing these results on the goat to the syndesmochorial placentae of other 
ruminants as considerable variation has been noted in the structure of the 
placentae of this group. 

In the anal 3 ’’sis of the obseiwations, it will be noted that no account has 
been taken of the intercotyledonaiy placenta. This is epitheliochorial (5) 
and there is reason to believe that it affects in no important waj’’ the 
deductions di-awn from the data. 

These studies would have been impossible without the cooperation of 
Dr. Baldwin R. Curtis of the Department of Physics, Harvard University. 
We are grateful to lum and we are indebted to the facilities offered bj’’ the 
Harvard c^mlotron for the samples of radiosodium. 

SUMMARY 

1. The rates of placental transfer per unit weight of placenta have been 
measured with Na--* from a gestation age of about nine weeks until term. 
There is a three or fourfold increase in transfer rate from the ninth week to 
about the nineteenth and twentieth weeks of pregnancy. 

2. The relative growth curve of the goat fetus is similar to the curve of 
rate of transfer of Na^^ to a unit weight of fetus at different periods of preg- 
nancjL 

3. The placenta of the goat belongs to the s^mdesmochorial group. 
Its rate of transfer of Na-^ per gram of placenta is of the same order of 
magnitude as that of the endotheliochorial placenta of the cat at com- 
parable stages of pregnancj'. 
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In Grosser’s classification (1) the placenta of the rabbit belongs to the 
hemochorial group. It is included in this series of investigations on placen- 
tal transfer because the rabbit is widety used in studies on fetal ph3'^siology; 
and because, b^' comparison with the results obtained from the hemochorial 
placentae of the guinea pig (2) and rat (3), it Avill yield further evidence of 
the degree of variation in placental transfer among members of the same 
morphological group. 

Experimental procedure. The general experimental procedure has 
prevdouslj'' been fully presented (2, 4). Radioactive sodium (Na-^), present 
as the chloride, was prepared bj’’ use of the Han-ard c^mlotron. Appro.xi- 
matelj'’ 2 microcuries were taken for injection into an ear vein of a pregnant 
animal in all but the earliest stages of pregnancj’’ wlien as much as 10 
microcuries were used. The radioacti^^ties of fetal ash and maternal 
plasma were measured with the pressure ionization chamber-string elec- 
trometer (2). Ether was given just before deliver}’’ of the fetuses by 
Caesarean section. 

The units of radioactivity which have been used are those previously 
given (2, 3). The term “corrected” placed after values for Na-* moan.-5 
that these values have been corrected to a concentration of one beta- 
particle per second per cubic centimeter maternal plasma. 

Aleasurements were made on 63 fetuses obtained from 17 pregnant ani- 
mals. Twelve of these animals were of homogeneous breed and of know n 
gestation age. 

Resut.ts, Eslahlishmcnt of equilihrinm hclwccn maternal plasma aru 
fetm. In the cases of the guinea pig (2), cat (4) and rat (3) the fimt expeu- 
mentiil step was to establish the curve describing equilibration of the fetus 
with Na=’ in the maternal pla.sma. Thi.s permitted the removal of the 
fetus at a time when its concentration of Na“S derived from the matern.- 
plasma, was increasing in a linear manner. In view of our previous e.\ 
perienee, it was considered unnece.ssar}' to establish the equilibrium ^'**'*^ 
for the rabbit. Insteatl, the fetal concentration of Na-‘ at equilibrium 
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obtained for several individuals and also measurement was made of the 
amount of Na^^ which had been transferred to the fetus at the end of half 
an hour. At the end of half an hour, the fetus had attained a concentration 
of Na^^ equal to one-fifth to one-sixth of the equilibrium value. This find- 
ing is hke that in the rat. The routine procedure for measuring placental 
transfer in the rabbit was consequent!}’- the same as in the rat. Fetuses 
were removed at an exactl}^ known inteiwal, about half an hour, after 
intravenous injection of Na-^ into the mother. 

Rates of 'placental transfer. The change of placental weight with change 
of fetal weight is given in figure 1. The total Na-^ transfeived to the fetus 
per unit time as this varies with change of fetal weight is shown in figm-e 2. 
From these data have come the curves of figures 3 and 4. 



Fig. 1. Variation of placental weight with variation of fetal weight. The gestation 
ages of the fetuses are given in figure 3. 

Fig. 2. Variation of total hourlj’- transfer of radiosodium to fetus with variation 
of fetal weight. The measured radioactivity of the fetal ash has in each instance 
been corrected to a concentration of one beta-particle per second per cubic centi- 
meter of maternal plasma. 

Figure 3 shows the changes in rate of transfer across a unit weight of 
placenta from the 18th da}'- of gestation until term. At the 18th day the 
transfer rate is 0.25 unit and at the 30th day, 2.75 units. During these 
12 days of pregnane}^ consequenthq the transfer rate per unit weight of 
placenta increases 11 times. 

Figure 4 gives the rate at which Na-’ is supplied from the maternal 
plasma across the placenta to each gram of fetus as this rate varies with 
fetal weight. This rate rises from a low value in the fetus of 4 grams to a 
peak winch occurs at a fetal weight of about 8 grams (gestation age 22 
days) ; then falls until term is approached when there is apparentl}" a second 
rise. Figure 4 also gives the curve of the daily per cent weight increase. 
This has been calculated as pre%’iously explained (2) from our data on ani- 
mals of known gestation age except for the first point corresponding to a 
fetal weight of 0.5 gram which has been taken from the data of Hanamond 
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(5). The curve of relative weight inei’ease as calculated from Hammond’s 
data agrees closely with the curve derived from our data. The cun^e of 



FETAL WEIGHT IN GRAMS 


Fig. 3. Variation of transfer rate of Na*‘ per unit weight of placenta with varia- 
tion of fetal weight or gestation age. 



FETAL WEIGHT IN GRAMS 

Fig. 4. CompiiriKon of curve describing variation of daily per cent weight inertn- e 
with variation of fetal weight and curve describing variation of transfer ra<e p • 
unit weight of feturj with variation of fetal weight. 
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daily per cent weight increase has been found to be similar to the curve of 
rate of transfer of Na^^ per gram of fetus in the case of other animals. In 
the case of the rabbit, however, the maximum in the curve of the daily 
per cent weight increase occurs at a fetal weight of 2 grams (gestation age 
18 days) or about four days before the maximum is reached in the transfer 
rate of Na^’ per gram of fetus. There is also a lag of approximately two 
days in the terminal rise in transfer rate per gram of fetus as compared to 
the terminal rise in the relative growth rate. Due to this difference in the 
time of occurrence of their maxima, the two curves are dissimilar up to a 
fetal weight of about 20 grams (gestation age 26 days). At greater fetal 
weights the corre.spondence between the two curves is more exact, the 
maximum variation in the ratios of their ordinates being from 2.7 to 4. 

Fetal need for Na relative to supply across placentu. By using the trans- 
fer rate of Na”'* per gram of fetus, the fetal equilibrium concentration of 
Na-^ and the dail}’^ per cent growth rate of the fetus in an equation pre- 
viously given (2, 3), the safety factor (ratio of the rate of supply of Na to 


TABLE 1 

Data necessary for calculation of safety factor 


FETAL TVEIGHT 

TRAUeFEIt Na« 
PER GRAJI FETUS 
PER HOUR (cor- 
rected) 

DAILT* PER CENT 
WEIGHT INCREASE 

EQUILIBRIUM 

concentration; 

Na-* PER GRAM 
FETUS (corrected) 

SAFETY FACTOR 

grams 

10 

0.33 

22 

0.63 

57 

40 

0.23 

25 

0.57 

39 


the fetus to the rate of accretion of Na bj"- the fetus) for Na can be cal- 
culated. The values for the safety factor for the two fetal weights at which 
the equihbrium concentration of Na^^ Avas determined are given in table 1. 

Discussion. The transfer rate of Na-^ per unit weight of placenta in- 
creases in the rabbit about 11 times from about the eighteenth to the 
thhtieth day of pregnancy. Results showing an increase in rate of placen- 
tal transmission with increase in gestation age have also been reported by 
Lell, Liber and Snyder (6) aaRo folIoAA*ed the urinary excretion of phenol- 
sulphonephthalein by the mother after injection of the substance into the 
fetus; and by Rodolfo (7) AA'ho studied the transfer of antibodies across the 
placenta. 

A considerable part of this nicrcase in transfer rate is likelj’^ due to a true 
increase in placental permeability caused by changes in the tissues separat- 
ing the maternal and fetal circulations. These changes as they occur on 
particular days of gestation have been studied bj’- Mossman (8). At about 
the nineteenth day, the tAA-o circulations are separated by endothehum of 
fetal blood A’-essels and chorionic epithelium, i.e., the placenta is trul}’’ 







348 


LOUIS B. FLEXNER AND HERBERT A. POHL 


hemochorial. Later stages of the placenta show progressive thinning of 
that chorionic epithelium and its progressive disappearance in many areas 
at which, consequent!}", the placenta is hemoendothelial. The e^'idencc 
is clear that the barrier between the two circulations diminishes with ad- 
vance of pregnane}" and this change is to be correlated with the increase in 
transfer rate of Na^’ per unit weight of placenta. 

Circulatory changes which may affect the rate of placental transfer in 
the rabbit are not completely understood. Measurement of the rate of 
blood flow through the vessels of the pregnant uterus of the rabbit during 
the last half of pregnancy, however, gives evidence which suggests that 
dux’ing this period the rate of blood flow tlwough the decidua basalis about 
doubles (9). 


TABLE 2 

Comparison of placentae of rabbit and guinea pig; and relationship between relative 
growth rates and transfer rales of A^a^* per gram fetus of rabbit 

and guinea pig 

Values are those at the mid-point of the indicated period of gestation. Values for 
guinea pig are taken from previously published data (2). The values on transfer 
rates in the rabbit have been corrected for the half-hour delivery time ns previously 
c.xplaincd (3). 


PEUXOD of CESTATION in tenths of TOIAt.: 



0.7-0.8 

o.s-o.o 

O.O-l.O 

Transferrate Na^Vgm. placenta, guinea pig . . 

0.7 

1.0 

1.9 

Transfer rate Na'Vgm. placenta, rabbit 

0.6 

l.S 

2.1 

Ratio relative growth rates, rabbit to guinea 



3.3 

pig 

2.0 

2.4 

Ratio transfer rates Na=Vgm. fetus rabbit to 



3.3 

guinea pig 

' 2.3 

' 2.4 


The rabbit placenta is the third member of the hemochorial group 
has been studied with Na-h A comparison of the transfer rate of Na* 
per unit weight of its placenta with that of the guinea pig and rat givca a 
measure of the physiological variation among members of the same group. 
Such a comparison has been presented for the guinea pig and rat (3) an( 
the transfer rates acro.ss unit weights of these two placentae liave been 
found to be clo.sely alike. The .same sort of comparison is made hetweui 
the rabbit and guinea pig placentae in table 2. It is apparent that t a, 
two placentae agree in their transfer rates per unit weight ivithin n.ario'' 
limits at comparable st.age.s of pregnancy. 

in all animals previously .studied (2, 3, 4, 10) the curve of daib i 
cent w(‘ight increase has been similar to that cun'e of transfer rate «f 
per gnim of fetus. The rabbit is an exception in that the maximum in t 
cau've of relative weight increase precedes by about four days the jnaxunum 
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in the cui’ve of transfer rate and the similarity between the two curves is 
not evident prior to a fetal age of 26 days. The significance of the relation- 
ship between these two curves as an index of the adaptation of the placenta 
to the needs of the fetus has previously been given (2, 3). 

It has been pointed out that not onty is there frequently a similarity in 
the relative growth cuiwe and the curve of rate of transfer of Na-^ per gram 
fetus during the development of a particular fetus but that the same sort of 
relationship may hold among fetuses of different animals (3, 10). A com- 
parison of this latter kind is made between the fetuses of guinea pig and 
rabbit in table 2. At equivalent parts of the gestation period, the rabbit 
fetus reproduces its own weight between 2 and 3 times as rapidlj’’ as does 
the fetus of the guinea pig. In correspondence with its greater rate of 
growth, a unit weight of fetus of the rabbit receives across its placenta a 
supply of Na^^ between 2 and 3 times that received by a unit weight of 
the fetus of the guinea pig. 

It is a pleasure to express our gratitude to Dr. Baldwin R. Curtis who has 
generously supplied us with samples of radiosodium made with the Harvard 
cyclotron. 

SUMMARY 

1. The rates of placental transfer per unit weight of placenta have been 
measured in the rabbit from the eighteenth day of pregnancy until about 
term. There is an elevenfold increase in transfer rate per gram of placenta 
over this period. 

2. The placenta of the rabbit belongs to the hemochorial group. The 
rate of transfer of across a unit of its weight agrees closely with that 
of the placentae of the guinea pig and rat wliich also are hemochorial. 

3. The relative growth curve of the rabbit fetus is similar to the curve of 
rate of transfer of Na-^ to a unit weight of fetus onlj^ after the twenty-fifth 
daj’- of pregnanejL Prior to this, large changes in the relative growth curve 
anticipate similar changes in the curve of transfer rate per unit weight of 
fetus by about 4 days. Differences in the relative growth rates of guinea 
pig and rabbit are to be correlated vdth corresponding differences in the 
rate of transfer per unit Aveight of the respective fetuses. 
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In studying mammalian temperature regulation, the plwsiologist is 
handicapped by having to use anesthetized animals. The excitement and 
discomfort resulting from mild experimental procedures ■without anesthesia 
cause profound disturbances in temperature regulation. When anesthetics 
are used to eliminate these difficulties, the anesthetic will often introduce 
disturbing factors as detrimental as the excitement. Much of the past 
experimental u’ork on temperature regulation lias been done on animals 
under anesthesia and many problems now awaiting solution could best be 
jicrformcd in tlu's condition. In order to evaluate and interpret such 
work, it is necessary to know to what extent anesthetics, which are com- 
rnonl}' used for experimental ph.vsiology, depress temperature regulating 
mechanisms. Rccentl}' we have developed standardized tests for shivering 
and the vasomotor response in wliich measured stimuli have invoked a 
measured response in a controlled envnonment. These tests have been 
made on the .same dog with and without anesthesia in order to obtain 
quantitative information on the dcpre.ssion caused In' the barbital anes- 
thetics on the response to cold. 

It is well known that many anesthetics depress temperature regulatory 
functions. The droj) of body tcniperature in the usual laboratory environ- 
ment which follows anosthe.sia has been observed by many investigators 
i)ut quantitative investigations on the extent, duration and functional lyjx; 
of de pre.-^sion are practically non-existent. Deuel, Chambers and Milhorat 
(1020) anesthetized dog.s with ninylal and noted a slight fall in oxygen 
cfniMunjition nite which, in the majority of the experiments, was less 
tluixt 10 p'-r cent of the bas.nl value wlu'le the body temperature was reduced 
2 to 'i dcgre<'>-. ICddy (1029) found that diethyl barbituric; acid, -12 mgm. 
i'Cr l:ilf> by .stomach tube, reduced the body temi)ornturo of cats two houns 
aster m!c,:.)!iivi;t O.j lo degree. Ellis and Barlow (1021 -.o) used higher 
do-(-r o? barbit.al. b*;2 nitrm. per kilo infraperiftjneaily, and found a de- 
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pression of body temperature which, during the course of anesthesia, 
dropped to values as low as 3 degrees below normal and returned to normal 
after 48 hours. Page and Coiyllos (1926) found that amytal anesthesia 
caused a slight drop in blood pressure of dogs, and Lepper (1926) observed 
that small doses of i^oronal caused a constriction of ear vessels while larger 
doses produced dilatation. These few observations, taken from papers in 
which temperature regulation was not the primarj’^ interest of investiga- 
tion, are in agreement ivitli our observations that barbital anesthesia 
causes a drop in body temperature with peripheral i^asodilatation and 
inijiaired shivering in the usual laborator}* environment. These previous 
investigations, insofar as the^y are concerned with temperature regulation, 
are far from being complete. In man3' cases room temperature was not 
controlled nor wei-e skin and rectal temperatures followed through 
the course of anesthesia and correlated with temperature regulatory 
mechanisms. 

In our investigations sodium pentobarbital and amjdal have been used 
in dosages suitable for surgical anesthesia and ply^siological e.xperimenta- 
tion. These anesthetics have been chosen on account of their ease and 
convenience of administration and their e.xtensive use by plysiologists. 
Control e.xperiments have been made in which normal responses have been 
measured without anesthesia. Identicall}^ similar e.xperiments were 
performed on the same dogs under anesthesia. The reactions which have 
been measured are shivering and the vasomotor respoi^se. 

Experimentai.. Pari I. Depression of shivering and. vasomotor control 
with anesthetic doses of barbitals. Four short haired bull terrier type dogs 
weighing 10 to 15 kilos were carefull}’’ chosen and trained for testing without 
anesthesia. The animals were placed on a mechanical shivering recorder, 
as described by Hemingway (1940), in an an- conditioned room in vdiich the 
air temperature was 22.0 ± 0.5 degrees, the relative humidity 50 ± 5 
per cent, and the air velocity 25-40 feet per minute. Diathermy electrodes 
were placed on the dog, one electrode being beneath the recumbent animal 
while the other ivas placed on the upper flank. Temperatures of the skin 
of the ears, foreleg, thorax, beneath the diathermj’- electrodes, and of the 
rectum were measured 63’^ thermocouples. The dog ivas trained to lie 
quietty on the recorder and as a result of resting in this cool environment, 
the skin and rectal temperatures fell, producing first vasoconstriction, 
noted by a rapid fall of ear temperature, and then shivering which pre- 
vented a further fall in temperature. When the steady state was reached 
the diathermy current was turned on and the dog heated at a rate equal 
to the b.m.r. As the heating progressed shivering stopped and finally 
vasodilatation occurred. Temperatures and shivering intensity were 
plotted against time, as shown in figure 1. Each experiment lasted 3 to 
8 hours. 
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The same experiment was performed on the same dog on another day 
after being anesthetized. Sodium pentobarbital was given both intra- 
venousl 3 Mntramuscularly and intraperitoneallj’- in doses of 35 mgm. per 



l ie. I. Tfit* chniiif'c of fskin nnd rectal tcmporatvirrs of H normni aiici «n .'incstlictir.cfl 
in n cool room iK-forc and after diathermy heating. Shivering is indicated on an 
nrhit rary fce.le ivith no Khivering indicated ns 0 and most intonse ahivering a.s 5. 

kilo. \ii heji giv<m intravenous^' two-thirds of the full do.se was injected 
at oticf y.'ith the remsiinder being injected intrarnuscularlj' 45 rninute.s 
later. V* hf-n administered intrn])eritoneall\' the full fIo.se wtis injeetfid at 
(It'!''- Ojif or tv, o f;.';iK‘riinents were inadf* on each mode of .nrusthe- 
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tization. The same procedure ivas used when sodium amytal was given 
except that the total dosage was 55 mgm. per kilo. On each dog at least 
4 control experiments were performed. 

Part II. Duration of temperature regulatory depression with anesthetic 
doses of barbitals. In order to investigate the extent of recovery of shiver- 
ing and vasomotor control during the 3 to 4 hour period of anesthesia, 
a series of experiments was made in which the following procedure was 
adopted for one dog (B). The dog was placed on the shivering recorder 
in the constant temperature-constant humidity room, and the thermo- 
couples and diathermy electrodes were attached. The diathermy current 
was started and regulated to maintain the body temperature constant with 
shivering and vasoconstriction being prevented. After 30 minutes of rest 
sodium pentobarbital, 35 mgm. per kilo, was injected intraperitoneall}’- in a 
single dose. The diathermy current was continued and varied to keep the 
body temperature from falling under anesthesia. After a time interval of 
from 0 to 240 minutes the diathermy current was discontinued and cooling 
was allowed to proceed while mea.surements of temperature and shivering 
were made. In a series of experiments the heating period between injection 
of the anesthetic and cessation of diatherm 3 ’- was set at 0, 30, 60, 90, 120, 
180 and 240 minutes. Thus the animal was not allowed to cool until 
after periods of anesthesia having these duration times. For each experi- 
ment a time-temperature graph similar to those of figure 1 was made. 

Results. In figure 1 are two graphs, one showing the response of a 
normal dog to cold followed bj’' diathermy heating, and the other graph 
the response of the same dog under pentobarbital anesthesia in an identical 
experiment. A normal dog responds to a cool environment by peripheral 
vasoconstriction, which is most marked in the ear vessels. The result is 
a drop in ear temperature to 25 or 27 degrees. Simultaneously, or a few 
minutes later, shivering occurs, after Avhich the bodj'- temperature remains 
at a constant level. In a dog anesthetized with either of the two barbitu- 
rates, both the vasomotor and shivering mechanisms are partiall}'^ or 
completely paralyzed. In the experiment recorded bj^ the lower graph 
of figure 1, which indicates marked temperature regulatory impairment, 
peripheral vasoconstriction did not occur in spite of a drop in rectal temper- 
ture of several degrees. Shivering did occur but the temperature thresh- 
olds were depressed several degrees. 

There was a considerable variation in response between different an- 
esthetized animals and the same animal on different daj^s. The usual 
temperature-time curves during anesthesia were intermediate between the 
two extremes represented in figure 1, i.e., the normal response and that 
of the deeply narcotized animal with severe temperature regulatory 
paralysis. 

Part I. Shivering and vasomotor depression. For each dog at least 4 con- 
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trols and 4 anesthetic expeiiments were performed. A graph similar to 
those of figure 1 was drawn and the significant data taken from each graph 
is listed in tables 1 and 2. For the 4 control experiments, maximum, 

TABLE 1 


Shivering 


DOG 

AKES. 

METHOD 

HECTAD TELMDERATUnE 

SKIN TEMPER.^TUnE (THORAX) 



Time to 
reach 
min. 
temp. 

Shivering 

Min. 

temp. 

readied 

Starts 

Stops 

Starts 

Stops 

X (max.) 

Con. 

36.S 

37.2 

36.8 

70 

34.2 

34.0 

33.5 

A (min.) 

Con. 

35.9 

36.2 

35.9 

40 

32.5 

33.2 

32.5 

A (ave.) 

Con. 

3G.4 

36.8 

36.4 

55 

33.5 

33.7 

33.1 

A 

XP 


38.3 

33.0 

150 

30.1 

33.8 

30.1 

A 

NV 

34.0 

38.7 

34.0 

135 

30.8 

33.6 

30.7 

A 

AP 

X.S. 

X.S. 

32.4 

78 

X.S. 

X.S. 

29.6 

A 

AV 

33. G 

38.3 

33.1 

85 

30.1 

29.7 

29.4 

B (max.) 

Con. 

38.1 

38.5 

37.9 

100 

34.8 

35.5 

34.6 

B (min.) 

Con. 

37.6 

38.0 

37.2 

10 

34.3 

34.3 

33.5 

B (ave.) 

Con. 

37.8 

38.2 

37.6 

GO 

34.6 

34.8 

34.2 

B 

NP 

34.4 

36.6 

34.4 

105 

32.3 

34.4 

32.3 

B 

XV 


36.1 

35.0 

165 

31.2 

31.5 

31.2 

B 

AP 

36.4 

39.8 

36.1 

SO 

33.1 

36.6 

33.1 

B 

AV 

X.S. 

X.S. 

32.5 


X.S. 

N.S. 

30.1 

C (max.) 

Con. 

38.3 

38.6 

38.2 


34.2 

.35.0 

34.0 

C (min.) 

Con. 


38.2 

37.8 

50 

33.4 

.33.4 

33.3 

C (ave.) 

Con, 

38.1 

38. 4 

38.0 

75 

33.8 

34.3 

33.7 

C 

XP 

37.4 

40.7 

37.3 


33.9 

,35.2 

.33.1 

C 

XV 

36.1 

36.3 

36.1 


31.1 

31.1 

31.1 

C 

AP 

36.6 

38.1 

36.1 

58 

33.0 

34.1 

32.6 

C 

AV 

36.1 

36.7 

36.1 

G5 

32.0 

31.5 

31.1 

D (max.) 

i 

Con. 

37.9 

38.3 

37.9 

95 

35.4 

35.3 

35.7 

D (min.) 

Con. 

37.7 

38.1 

37.4 

40 

33.6 

34.9 

33.9 

D (ave.) 

1 Con. 

37.8 

38.2 

37.7 

63 

34.8 

.35.1 

34.5 

D 

XP 

36.0 

.37.9 

36.0 

115 

32.0 

32.8 

.31.8 

D 

' AP 

3.5.0 

.36.0 

.34.9 

135 

,32.1 

32.5 

31.6 

D 

At' 

35.5 

37.1 

,35.2 

■ 

SO 

31.0 

31.7 

31.0 


X.S., no Ehiverinp;; Con., control, no anesthesia; N, pentobarbital Na; A, ainytal 
Xa; P, intraperitoncal injection; V, intravenous-intramuscular injection. 


ininirmim and nu'.an values arc given. The Icttens X and A denote 
s^iiuin pentolmrbital and amytal, respectively, while P and \ denote 
intraperitone.al anrl intravenon.s-intrainu.'Ciilar afimini.strations, rc.spec- 




T.'ilde 1 contains shivering data and iab!o2 vasomotor data. I able 
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1 contains the rectal and thoracic skin temperatures at which shivering 
started during cooling and stopped after application of diathermy. The 
minimum temperatures reached and the times required to reach rm'niTrmm 
temperatures are also given. Shivering started usually within 1 to 2 
hours after anesthesia with rectal temperatures of 33 to 36 degrees while 

TABLE 2 


Vasomotor 


DOG 

ANES. METHOD 

VASOCONSTRICTION 

VASODILATATION 

Rectal t. 

Thorax: t. 

Resting 

time 



Heating 

time 

A 

Con. (max.) 

37.1 

34.5 

58 

38.0 

34.3 

92 

A 

Con. (min.) 

36.1 

32.9 

31 

37.2 

33.2 

31 

A 

Con. (ave.) 

36.6 

33.5 

44 

37.7 

33.6 

44 

A 

NP 

33.5 

30.8 

42 

38.8 

33.8 

112 

A 

NV 


No vasoconstriction 



A 

AP 

32.6 

30.0 

68 

36.5 

31.4 

100 

A 

AV 

36.1 

32.4 

40 

37.7 

30.6 

151 

B 

Con. (max.) 

38.6 

35.7 

28 

39.0 

37.6 

103 

B 

Con. (min.) 

38.0 

34.6 

15 

38.7 

34.7 

23 

B 

Con. (ave.) 

38.2 

35.2 

22 

38.9 

35.5 

77 

B 

NP 

35.7 

32.6 

60 

37.0 

33.1 

54 

B 

NV 

34.9 

31.3 

140 

38.3 

33.1 

240 

B 

AP 

36.5 

33.5 

58 

39.8 

36.4 

100 

B 

AV 

37.3 

33.6 

27 

38.5 

33.9 

115 

C 

Con. (max.) 

38.5 

34.6 

62 

39.0 

35.1 

38 

C 

Con. (min.) 

38.1 

33.6 

27 

38.7 

34.8 

13 

C 

Con. (ave.) 

38.4 

34.3 

42 

38.9 

34.7 

21 

C 

NP 

37.4 

35.0 

45 

39.7 

35.1 

48 

C 

NV 

36.3 

32.3 

65 

38.6 

32.4 

240 

C 

AP 

36.3 

32.9 

52 

38.1 

34.1 

25 

C 

AV 

36.7 

32.1 

28 

38.1 

31.9 

110 

D 

Con. (max.) 

38.3 

35.5 

85 

39.0 

36.3 

63 

D 

Con. (min.) 

37.5 

33.5 

43 

38.5 

33.6 

3 

D 

Con. (ave.) 

37.9 

35.1 

62 

38.7 

35.2 

25 

D 

NP 


No vasoconstriction 



D . 

AP 

35.2 

31.9 

95 

36.3 

32.6 

32 

D 

AV 

35.4 

31.4 

73 

38.0 

32.3 

19 


the normal rectal threshold temperature for shivering is 35.9 to 38.3 
degrees. Dog D was unfortunately killed as a result of a dog fight before 
the last experiment was performed; hence the results of intravenous 
pentobarbital anesthesia for dog D are missing. 

Table 2 contains the vasomotor data. The rectal and skin thoracic 
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temperature thresholds are given at which peripheral vasoconstriction 
occurred as a result of resting in a cool room and at which vasodilatation 
occurred when the animals were subsequent!}" heated b}" diatherm}" at a 
heating rate equal to the b.m.r. In the column designated as “heating 
time” the time in minutes of diathermy is given which was requhed to 
produce vasodilatation. Since the heating rate was kept constant, tin' s 
time interval is proportional to the heat dosage required to produce vaso- 
dilatation. 

PaH II. Duration of temperature regulatory depression. The significant 
data, collected from the time-temperature graphs of experiments in which 
the effect of duration of anesthesia on cold response depression was in- 

TABLE 3 


Duration of temperature regulatory depression by sodium pentobarbital 


i 

CONDITION 

1 

VASOCONSTniCTION 

emvEniNO 




Rectal 

temp. 

Thoracic 

temp. 

CooliiiE 

time 

Control — no anesthetic 

1 

38.2 

34.0 

13 

37.9 

34.0 

27 

Ancs diathermj" time = 0 

36.1 

31.5 

40 

31.4 

28.1 

343 


34.7 

30.S 

105 

32.5 

29.2 

230 

Anes diathermy time = 30 

35.6 

31.6 

63 

32.4 

29.1 

280 

Ancs diathermy time = 60 

35.4 

31.5 

100 

33.6 

30,1 

215 

Anes diathermy time = 90 

36.3 

32.7 

48 

34.8 

31.6 

i 132 

.A.nes diathermj" time = 120 

; 35.4 

31.6 

90 

34.1 

30.8 

158 

Ancs diatherm}' time = 150 

36.0 

32.6 

78 

35.6 

32.4 

118 

Anes diathermy time = 180 

t 

! t 

t 

34.7 

32.0 

164 

Anes diathermy time = 240 j 

* 

* 

♦ 

* 




* Dog awakened when heating discontinued. Running movements and struggling 
prevented a fall in temperature and obscured shivering, 
t Ear vessels constricted while dog w.as being heated. 


vo. 5 tigated, are given in table 3. The “anesthetic diathermy time” is the 
time interval between injection of the anesthetic and ce-ssation of the 
diathermy curi'ent. It is the time interval of anesthesia before cooling 
in which the rectal temperature was prevented from falling by diathermy. 
The table contains both rectal and skin thoracic temperature.^ at yhich 
■va.soconstriction and shivering occurred a.s well as the time inteival, 
“cooling time”, between ce.s.sation of diatherm}'' and the onset of .shivering 
or va.«ocon.stnction. In the normal unancsthetized dog u.^-ed foi thc,se 
te.-:t.«, va.socon.striction occurred with a rectal temperature of 3S.2 degrees 
and a thoracic skin temperature of 31.0 degree.? after 13 minute's of coo mg. 
Shivering occurred after 27 minute,? of cooling when the rectal temperature 
had reached 37.9 degree.? and the skin thoracic temperature 31.0 degree.^;. 
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As a result of anesthesia the cooling time is prolonged and the threshold 
temperatures lowered. There is on^- slight recovery of shivering and 
vasoconstriction 2 to 3 hours after anesthesia. For example, immediately 
after anesthesia shivering commenced at a rectal temperature of 31.4 to 
32.5 degrees while 2 to 3 houm after anesthesia shivering commenced with 
rectal temperatures of 34.1 to 35.G. The animal awakens before there is 
recovery from the depression of shivering and thermal vasoconstriction. 

Discussion and conclusion. For experimentation with dogs barbital 
anesthesia is widely preferred bj^ phj'^siologists. The anesthetic can be 
easily administered and anesthesia after a single dose lasts 2 to 4 horns. 
There is no appreciable effect of the barbital anesthetics on blood pressure 
and respiration is only slightly depiussed. There is no appreciable fall of 
basal metabolic rate provided the body temperature is maintained. The 
main depressant autonomic effect is on temperature regulation. Our 
exjrcriments were iicrformcd to determine how extensive this depressant 
action is and to what extent a i)h5’’siologist is justified in using the barbitals 
for acute exireriments on temperature regulation. 

The results indicate that there is a considerable depression of both 
peripheral and rectal threshold temperatures at which shivering and 
thermal va.soconstriction commence. The depression amounts to as much 
as 1 to 5 degrees. Since, according to current theories, the mechanisms 
which protect against cold arc activated when peripheral and central tem- 
peratures fall below a definite thre.shold value, the lowering of this threshold 
indicates considerable impairment by the anesthetics of the physiological 
temperature regulating apparatus. However, in only about ten jier cent 
of the experiments was peripheral vasoconstriction or shivering completely 
inhibited. This indicates a lack of precision of control but not complete 
absence of temperature regulation. 

There was considerable variability wdth the same experiment repeated 
on different days using the same dog. Due to this variability there was 
no detectable difference in the depression of temperature regulation caused 
by sodium amytal or pentobarbital, nor was there any difference between 
the intravenous and intraperitoneal methods of administering the 
anesthetic. 

The depression of temperature regulation against cold caused by these 
barliituratcs lasted 3 to 4 hours and exceeded the period of anesthesia. 
There was only a slight recovery near the end of the anesthetic period. 

SUMMARY 

In a cool environment of 22.0°C. and 50 per cent relative humidity, 
trained dogs were allowed to rest until shivering and peripheral vasocon- 
striction had occurred. The animals were then heated by diathermy at a 
rate equal to the b.m.r. until shivering was inhibited and vasodilatation 
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liad occurred. The experiments were performed with and without am3dal 
and pentobarbital anesthesia. Shivering was measured on a mechanical 
recorder and skin and rectal temperatures were measured by thermocouples. 
It was found that shivering and vasomotor temperature tlmesholds were 
suppressed by the anesthetics 1 to 5 degrees, and the small differential 
temperature range of normal animals was replaced bj’" a differcntial having 
a 3 to 5 fold range as a result of anesthesia. Barbital anesthesia in doses 
required for surgical procedures suppresses the responses to cold but does 
not completelj’" inhibit them. The order of suppression for temperature 
regulatoiy processes in barbital anesthesia is, in order of decreasing severity, 
1, bodj' temperature; 2, shivering; 3, vasomotor reflexes. 
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'fho biiftor voflexos, oentrally inlcgralcd in the lower brainstem, serve to 
adjust the rate of tlie heart and the caliber of the vessels so that a sufficient 
volume flow of blood is maintained at a satisfactory jiressure. Btit labilitj*^ 
of control of the cardiovascular system is necessary to enable the oi'ganism 
to meet environmental stres'^es. A rise in blood )-)ressure, an increase in 
heart rate, and a redistribution of blood, jwovide for the increased activity 
so commonly a part of atTective behavior. A shift of blood between viscera 
and skin provides a means of dissipating or conserving heat. The dom- 
inant role assigned to the h 3 'pothalamus in emotional expression (Bard, 
1029). and in thermal regulation (Ranson and Magoun, 1930) .suggests 
that this central nervous level contributes a veiy necc.ssaiy element of 
lability' to medullaiy cardiova.scular control. 

Karplus and Krcidl (1928), Kabat, Magoun and Ranson (1935), Ectors, 
Brookens and Gerard (1938) and others have shown that electrical stimu- 
lation of the lypothalamus in the ane.sthetizcd animal leads to an increase 
in heart rate and a rise in blood jn-e.^sure. Morrison and Rioch (1937) 
and r^Iagoun (1938) demonstrated that these cardiovascular rcspon.scs arc 
independent of descending jiathwaj’s from the cerebral cortex and result 
from activation of projection .sj'.stems which take origin within the hypo- 
thalamus. The coui>'e of 1,he descending hypotiialamic connections, 
through the tegmentum and central graj' of the mesencephalon, pons and 
into the mc'dulla, brings them in close relation with those medullary centers 
which reflexlj’" control the heart and blood ve.ssels (Magoun, Ranson and 
Ilctherington, 1938; Wang and Ranson, 1939). Through these connec- 
tions it is jms-siblc that the hypothalamus might modify the basic rcfle.x 
pattern laid down in the mcdullaiy centers for cardiovascular control. 

One of the most elTectivc methods of analy.sis of this problem is a st.udj'- 
of the discharge of impulses initiated in S3unpathctic motor neurones b3’- 
stimulation of the hypothalamus, and a consideration of how this activity 
is integrated into the i-cflcx control of the cai’diovascular .S 3 ^stcm. Such a 
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procedure has distinct advantages as compared with observation of the 
response of effector organs. Because of the latency and inertia of these 
organs, they cannot be used to investigate the precise nature of rapidly 
occurring neural processes. We have therefore recorded the activity in 
peripheral sympathetic ner\'e trunks suppljdng heart and blood vessels 
during stimulation of the hypothalamus and have correlated that activity 
with the response induced in the cardiovascular system. Even the dis- 
charge of impulses in' a peripheral nerve trunk is not entirely suitable and 
we have accordingly cari'ied out certain portions of our investigation on 
single units; 

Methods. Experiments were performed on cats anesthetized with 20 
to 30 mgm. per kgm. of nembutal, or 50 mgm. per kgm. of chloralosane, 
given intravenously. Bipolar needle electrodes were introduced into the 
hypothalamus by means of the Horsley-Clarke stereotaxic instrument, 
and brief repetitive condenser discharges delivered at controlled intensities 
and frequencies. At the end of each experiment small electrolytic lesions 
were placed to mark the ]30sition of the electrode tijjs in the brain. The 
animal was perfused with formalin, the brain removed, and after a period 
of hardening, the brain was sectioned grossly to determine the site of stimu- 
lation. In representative experiments, the brains were embedded in nitro- 
cellulose, sectioned at 50 microns, stained by the Weil method and exam- 
ined to determine the exact placement of the electrodes. 

Two nerves were used for recording sympathetic neural activity, the 
cervical sjunpathetic and the inferior cardiac nerve. The inferior cardiac 
nerve was approached by removal of the chest wall and careful dissection 
of the mediastinal contents, the animal being maintained with artificial 
respiration. The cervical sympathetic nerve was freed in the neck and 
sectioned peripherally. 

Because it fe difficult to determine variations in nervous activity in 
records of the summated action i)otcntiaIs from the many fibers of a nerve 
trunk, we haA-e in geneial employed small twigs of the cardiac nei've split 
off from the main body. Single fibers of the cervical sympathetic nerve 
were obtained by careful di.«section in a moist chamber until visual and 
aural examination of the amplified action potentials indicated that only a 
i=:ingle functional unit remained a(rtive. In all exi)erimont.s the animal 
was kejAt in a shielded room maintained near 37°C. and 100 per cent lunnifl- 
ity. 

Action potentials were suitably amplified with a capacity coupled 
amplifier and na-orded with a General Electric o.^-cillograph and a bromide 
paj)er camera. A few records were made with a cathode ray oscillograi)h. 
Simultaneous records of blood pre.«surc were made in a number of experi- 
ments with an optical manometer connected with either the femoral or 
carotid arteries. 
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Results. Nature of activity in the cardiac nerve. The spontaneous 
activity vhich may Ido recorded from the inferior cardiac nerve is typically 
grouped into smooth potential waves of relatively large amplitude (Bronk, 
Fergusoiij Margaria and Solandt, 1936). These waves are frequenth" syn- 
chronous with the pulse and occur at a frequency of 2 or 3 a second. Such 
a pulse modulation of the discharge is dependent upon the integrity of the 
buffer nerves. Brozik (1934) has shown that it represents the tonic 
accelerator activitj- of the medullary cardiovascular centers, periodically 
inhibited by the discharge of pressure receptoi's located in the carotid sinus 
and aortic arch. The nature of this grouped activity in the inferior cardiac 
nerve is unaffected by removal of brainstem structures above the pons, and 
is in no wise dependent upon the hypothalamus (Bronk, Pitts and Larra- 
bee, 1940). 

Effect of hypothalamic stimulation on cardiac nerve discharge. Stimulation 
of the hypothalamus with low intensity, high frequency (150 per sec.) 



Fig. 1. Increased discharge of impulses in the cardiac sympathetic nerve during 
liypothalamic stimulation at a frequency of 150 per second, followed by inhibition 
of spontaneous discharge. Arrows mark beginning and end of the period of stimula- 
tion. Upper tracing, arterial blood pressure. Time, ■? second. 

condenser discharges leads, after a brief latency of less than 0.1 second, to a 
marked increase in actitity in the cardiac nerve. The abrupt onset of this 
activity as stimulation is begun (6rst arrow) and its equally abrupt cessa- 
tion as stimulation is stopped (second arrow) is apparent from figure 1. 
In this experiment blood pressure began to rise after an interval of 1.5 
seconds, continued to rise for 1 second after stimulation was stopped, and 
remained elevated for another 6 seconds or more. In contrast to the 
prolonged elevation of blood pressure, activity in the inferior cardiac nerve 
ceased abruptly as the stimulus was stopped, and for the succeeding 4 sec- 
onds all spontaneous discharge was abolished. 

It is apparent that the postulated prolonged after-discharge from the 
hypothalamus following stimulation (Grinker and Serota, 1938) finds no 
support in our experiments on the anesthetized animal. Prolonged eleva- 
tions of blood pressure which do occur in these experiments are obviously 
•due to inertia of the effector system and not to sympathetic after-dis- 
charge. 

Often, if the stimulus is prolonged or made more intense, a secondary 
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rise in blood pressure occurs some 10 or more seconds after the initial rise. 
This secondary rise, which may occur some seconds after the stimulus is 
stopped and at a time when all sympathetic activity is inhibited, is inter- 
preted as being due to the release of adrenalin, described bj' Houssay and 
Molinelli (1925) and Magoun, Ranson and Hetherington (1937). In 
accord with the experience of Kabat, et al. (1935), the heart is but little 



Fig. 2. Increased discharge of impulses in the cardiac sympathetic nerve and 
rise of blood pressure during hj'pothalamic stimulation at a frcfiucnc\ of JoO pei 
second and relative intensities of 1 in A, 2 in B and 3 in C. Arro\v marks tiic begin- 
ning of stimulation. Time, i second. 


accelerated, rarely more than 10 per cent, a fact no doiibl- correlated with 
the high heart rate and lack of vagal tone in the cat. 

Fodorfi controlling hypothalamic excitation and cardiovasculai icsponftr. 
.1. Stimulus intensity. An incrca.se in inteasity of hypothalamic stimula- 
tion accentuates tho.^^e proces.se.s which hav'C just been de.«(Til)efl. I'igUK* 
2 illustrale.s the re.sults of stimulation of the hypothalamus at a constant 
freqtiency of 150 j)er second, but with incrca.'^ing relative intensities of 1 
in reconl A; 2 in record B; to 3 in record C. Witli increase in stimulus 
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strength, the discharge in the cardiac nerve progressive!}^ increased from 
A to C. The magnitude of the blood pressure rise and the steepness of its 
gradient increased in parallel manner with increasing stimulus strength. 

Had the records of figure 2 been reproduced over a longer period, they 
woidd show from A to C a progressive increase in the time that spontaneous 
activity in the cardiac nerve was inhibited following cessation of stimula- 
tion. They would show an increased duration of the elevation of blood 
pressure, as well as an increased secondary rise in lilood pressure, as a result 
of increased stimulus strength. 

Hecords such as these illustrate well the effects of hypothalamic stimu- 
lation, but little concerning the mechanism by which they are achieved. 



B 

ia 
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Fig. 3. Discharge of impulses in a single fiber of the cervical sympathetic nerve in 
response to hypothalamic stimulation at a frequency of 100 per second. Intensity 
progressively increased from A to D. Time, i second. 


It is readily apparent that the number of messages carried by a nerve to the 
heart or blood vessels is greatly increased by hypothalamic stimulation; 
but so man}’’ messages are being carried by so many different fibers, that the 
fundamental content of any one message is obscured by the activity of the 
mass. 

Accordingly, we have studied the nerve impulses carried by single nerve 
fibers dissected from the cervical sympathetic trunk. Records from such 
a preparation are presented in figure 3. Instead of the random mass dis- 
charge observed in figures 1 and 2 from a man}’’ fiber preparation, the 
single unit here illustrated responded rhythmically and repetitively to 
hypothalamic stimulation. The story which such a unit tells is a simple 
one; its one variable is frequency of response. As a result of increasing 
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strength of h 3 ^pothalamic stimulation, such a single unit responds with in- 
creasing frequencj^ of discharge as illustrated in records A to D. In this 
experiment the frequenc}’^ of Iwpothalamic stimulation was maintained 
constant at 100 per second and the intensity altered. With an increase 
in stimulus intensity of some 2.5 times, the response frequency of the 
neurone varied from about 1 in 2 seconds to 9 per second. 

We have arbitraril}’- selected for all our studies, single fibers wliich were 
not spontaneousl}’^ active. Such units, after a period of a second or so of 
adaptation, maintain a veiy constant frequenc}’- of discharge in response to 
maintained hjqiothalamic stimulation. If a period of a half minute or more 
intervenes between two periods of stimulation, the response frequencies 



Fig. 4. The relation between frequency of discharge of impulses in a single fiber 
of the cervical sympathetic nerve and intensity of hypothalamic stimulation. Fre- 
quency’ of stimulation constant at 100 per second. 

are reproducible. The.se facts make quantitation of our results in terms of 
impulse frequency' an adequate method of pre.scntation. 

A plot of impulse frequency' against stimulus intensity, taken from the 
entire scries of records of Avhich figure 3 is a part, is shown in figure 4. The 
relation.ship is smoothlv curved and sigmoid in .shape. The intensity units 
are arbitrary' ones, but the highest intensity used is below that at which any 
significant motor response occurs, a limitation enforced b.v our methods of 
recording. 

From the.se observations of the behavior of single fibers as the intensity' 
of hypothalamic stimulation is incrca.«ed, the records of figures I nnrl 2 
accjuire added significance. The gross incre.ase of activity observed in the 
cardiac mave must, in part, be due to an increase in the number of irnpidses 
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carried by the constituent units making up that nerve. The temporal 
summation of those impulses at the effector organ produces a response 
which is graded according to impulse frequency, and hence according to 
intensity of hypothalamic stimulation. However, increase in intensity of 
hypothalamic stimulation not merely increases the frequency of discharge 
in a given unit, but also increases the number of active units as well, for 
their thresholds of excitation vary over a wide range. Examples of such 
increase in number of active units Avill be presented in a later section. 
Suffice it to say here, that magnitude of response in sympathetic activity 
is determined by variations in both the frequency of impulses in anj’^ one 
neural unit and in numbers of neural units active. Such a relation has been 
described by Adrian and Bronk (1928) for the gradation of somatic motor 
reflexes and by Bronk and Ferguson (1935) for the gradation of intercostal 
respiration. 

B. Placement of electrodes. The intensity of hypothalamic excitation 
may be varied not only b}’- alteration of stimulus strength, but also b}'' 
changing the placement of the stimulating electrodes within the lij^io- 
thalamus. The strengths used for hypothalamic stimulation have been 
low, as mentioned above, and spread of stimulus has been kept to a min- 
imum by using bipolar electrodes, the tips of wliich were separated about 
0.2 mm. The distance of current spread from the electrode tips is small 
under such conditions (Pitts, 1941). 

In figure 5 is shown the response of two neurones, each identifiable by its 
characteristic spike potential. During each record, the hjqiothalamus 
was activated by the same low intensity stimulation at a frequency of 180 
per second. From A to E, the electrode was progressively lowered through 
the hypothalamus in steps of 1 mm. Figure 6 A shows the position of the 
electrode at each level within the hypothalamus. To the right of the 
electrode track is given the frequency of discharge of the neurone Avhose 
spike potential is the larger; to the left is the letter identif 3 ung the level 
with a particular record of figure 5. In figure 6 B are presented the results 
of another experiment, in which a single fiber was activated from a number 
of levels on both the ipsilateral and contralateral sides of the h^’^pothalamus. 
The relatively constant frequency of discharge to stimulation over the lower 
3 mm. of the hj’^pothalamus on both sides, coupled with the sudden dechne 
in frequency’’ as the electrode is raised above this level can onlj'^ mean that 
the hypothalamic field, which is in functional relationship with a given 
preganglionic sympathetic neurone, is not only bilaterallj^ distributed, 
but also has a considerable dorsoventral extent. This view is supported by 
a number of experiments in which the frequencj’’ of discharge of a given 
single preganglionic neurone has been determined for stimuli of various 
intensities applied to the two sides of the hypothalamus. A weak stimulus, 
which is just threshold for the side which is ipsilateral to the cervical 
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sympathetic neurone whose acthnty is being recorded, will usually excite 
that neurone if applied to the contralateral hypothalamus. If not, a 
slight increase in intensity will bring it to a threshold level. 

The results presented so far ma}' be most readil}' interpreted as indicating 
that a number of parallel pathwaj'^s connect the hypothalamus with the 


A 



E 



Fir. o. The discharge of impulses in two fibcr.s of the cervical sympathetic nerve 
in response to stinmlation of the hypothalamus at succeeding dorso-vcntral levels 
separated by 1 mm. 


final preganglionic neurone located in the anterolateral column of the cord. 
An increa.se in inten.sity of hypothalamic stimulation increases the number 
of these pathways in action. A shift in the position of the stimulating 
electrode may bring a greater number of the.se pathways within the zone 
of influence of the stimulus, and thus increase the number in action. The 
di.^chargo freciuency of the final common neurone is, among other things. 
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some function of the number of parallel pathways in action. These 
experiments shed no light on the anatomical makeup of these pathwa.ys, 
i.e., upon the number of synapses between hypothalamus and final common 
path; but that there is extensive decussation within the system is evident. 

C. Stivudus frequency. The effect of increasing the frequency of hypo- 
thalamic stimulation upon the discharge in the inferior cardiac neive and 
upon the associated rise in blood pressure is similar to that of increasing 
the intensity of stimulation. In fact, records identical in all respects to 



Fig. 6A. Tracing of a stained section through the diencephalon of the cat. The 
heavy vertical line indicates the track of the stimulating electiodes, the interiuptions 
of the line the position of the baie electiode tips. Letteis A to E on the left cor- 
respond to the points which noie stimulated duiing piepaiation of the similarl}^ let- 
tered records of figure 5. The numbeis to the light of the electiode tiack give the 
frequency of discharge in impulses pei second of the ceivical sympathetic neurone 
of laige spike potential 

B. Location of stimulating electrodes in a similar evpeiiment in which a single 
ceivical sympathetic neuione was caused to dischaige at the indicated frequencies 
by stimulation at a numbei of levels on both sides of the hypothalamus. 


those shown in A, B and C of figure 2 have been obtained by stimulation of 
the hj'^pothalamus with frequencies of 50, 100 and 150 per second, main- 
taining the intensity constant. The degree of acti\’ity in the cardiac 
nerve during hypothalamic stimulation and the duration of the period of 
inhibition of spontaneous activity after stimulation increase in proportion 
to the frequency of stimulation. Likewise, the magnitude of the rise in 
blood pressure and the length of time that it remains elevated show a similar 
proportionality to frequency of stimulation. 

The response of single fibers of the cervical sympathetic to an increase 
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in frequency of hypothalamic stimulation is qualitatively similar to that 
shown in figure 3 for an increase in stimulus intensity. Quantitatively, 
however, the results differ. In the same experiment from which figures 3 
and 4 were taken, the stimulus intensity was maintained constant and the 
frequency varied. A plot of the response frequency of the single neurone 
against the stimulus frequency applied to the hypothalamus yields a 
relationship which is remarkably linear, figure 7. The frequency of firing 
of the neurone in this experiment maintained an essentially constant ratio 
to the frequency of hjqiothalamic stimulation, the neurone firing once to 
approximate!}'- every twent3-fifth stimulus throughout the range inves- 
tigated. 



STIMULI PER SECOND 

Fip. 7. The relation between frequencj' of dischurpe of imj)ulses in a .single fiber 
of the cervical sympathetic nerve and frequency of hypothalamic stimulation. 
Intensity of stimulation constant. 

Not only docs an increase in stimulus frequency increase the activity of 
any single unit, but it also brings into activity new units, not active at (he 
lower stimulus frequency. Figure 8 illustrates the effect of increasing the 
frequency of hypothalamic stimulation on the number of neurone.s r<‘- 
sponding in a multifiber preparation. In records A, B and C the stimulus 
frequencies were 8.5, 18 and 43. re.<pcctively, the intensity being maintained 
constant. In records A and B only the neurone characterized by the high, 
thin .spike potential responded. In record C, at the higher fre(iuency of 
stimulation, the response of this .same neurone may again be identified, 
but a number of other neurone.s wlio.^-'e spike iiotentials are difr<!rent in form 
al<o re.spondfxi. Facilitation at .<omc point in the de.scending pathwa}'.'-- 
from the hypothalamus probably accounts for this radiation of (!Xcitation 
over channels not re.sponsive to volley.s of lower frecpiency. 
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The results presented abo\'e indicate not only that multiple pathways 
descending from the hypothalamus converge on single effector neurones but 
also that each descending pathway establishes connections which diverge 
and impinge on many effector neurones. Experiments presented in 
succeeding pages indicate that important loci of convergence and divergence 
lie in the medullary sympathetic centers. 


A 



Fig. 8. Discharge of impulses in a multifiber preparation of the cervical sympa- 
thetic nerve during stimulation of the hypothalamus at frequencies of 8.5, 18 and 
43 shocks per second. In record C at the higher rate of stimulation several fibers 
respond in addition to the one active in A and B. 

D. Reversal of response from change in frequency of stimulation. The 
responses to hypothalamic stimulation which have been described in the 
preceding paragraphs, all support the generally accepted view that the 
ht'pothalamus serves as a center for the regulation of sympathetic function. 
Cushing (1931) first ascribed importance to the hypothalamus as a regu- 
lating center for parasympathetic functions as well. Beattie (1932) 
and Fulton (1932) maintained that the hypothalamus could be divided 
functionally into an anterior parasympathetic portion and a posterior 
sympathetic portion. Subsequent work reviewed by Ranson and Magoun 
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(1939) and Ingram (1939) as well as our own has given little support to 
such a view. We have found no difference in the type of s^mipathetic 
response on stimulation of the supraoptic, tuberal or mammillary portions 
of the hj'pothalamus although the lateral and more caudal parts seem to be 
somewhat more reactive. We have not, however, studied parasympa- 
thetic activity. 

An interesting reversal from a pressor to a depressor type of response has 
l)een observed occasionalh'^ on stimulation of the hypothalamus at low 
frequencies. The records presented in figure 9 A and B are typical of such 
an experiment. Record A shows the usual pre.ssor response and the in- 
creased activity in the inferior cardiac nerve from low intensity 



I 





I fc I I ll.,l III 


( 



i U ii iil kkin.u k. k* ^ ‘ 


t I 1 _f t l^_l_ ■ ■ l_l I- f 1 1- t 1 I I I 1_1 J > t 1 I 1- i i f 


B 


\ \ \ ^ \ x \ V \ V V. V V V, Vv Vv V Vv. V V V 

A i ^ A — ^ ^ 




Fig. 9. Reversal from a i)ressor to a depressor rcsiJonsc on lowering the frequency 
of hypothalamic stimulation. A. Stimulation of the hypothalamus at 20 per second ; 
.sympathetic excitation and rise of blood pressure. B. Stim\dation at 2 per second; 
sympathetic inhibition and fall of blood pressure. .Arrows indicate beginning of 
stimulation and also the end in .A. Time, ! second. 


hypothalamic stimulation at a frequency of 20 ])er second. In record Ji 
the. intensity of stimulation and the i)!acement of the electrodes were 
unchanged but the frequency of stimulation was reduced to 2 per second. 
Stiimdation at thi.s lower frotiuoncy led to a iiartial inhil)ition of .spontane- 
ous activity iti the cardiac nerve and a gradual fall in blood pres.sure. Both 
the -slight stowing of the heart (5 jier cent) and the fall in blood pressure were 
unchanged by section of the vagi. 

Although this reversal from a pre.s.sor to a dejiressor I’csponse has been 
noted in several experiments, we have not been able to I'epcat it at will. 
There seems to be no characteristic part of the; hypothalamu.« from which 
this reaction may be elicited. Hare and Cicohegan (1939) and Berry 
and Ilode.'^ (1911) have notcal this .«ame reveival on low<;ring the freciuonc.y 
of hyiiothalamie stimulation. 
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There is a notewortlij’- similarity between the response reversal from 
hypothalamic and from peripheral nerve stimulation. In both, the lower 
frequencies favor the depressor t 3 qDe of response, the higher frequencies 
the pressor type. Whether this response reversal results from activation 
of two fiber .systems in the hypothalamus as has been postulated for 
peripheral nerve (Ranson, 1916), or is an expression of the effects of 
volleA’^s of impulses of different frequencies over the same pathwaj'^s is 
unknown. Kabat ei al. (1935) maintain that depressor pathwaj'^s origi- 
nating in the preoptic and more cephalic regions of the forebrain descend 
through the h 3 ’-pothalamus. It is possible that such pathways are more 
easity excited b 3 ’ low frequcnc 3 ’- stimulation than are the pressor ones, 
though we have no evidence on this matter. These experiments suggest, 
however, that some of the so-called parasympathetic responses which have 
been described as resulting from h 3 -pothalamic stimulation actualty result 
from inhibition of tonic S 3 TOpathetic outflow. 

Relation betweeti frequency and intensity of hypothalamic stimulation. 
Since a change of position of the stimulating electrodes within the h 3 ’^po- 
thalamus ma 3 ^ alter the number of active projections which impinge upon 
an3’- given S3"mpathetic neurone, it is un}ikel3’^ that an3’^ two neurones in the 
same or different preparations will ever behave identical^’- to a given stimu- 
lus intensity or frequenc 3 ''. The maximum frequenc 3 ’' of discharge of 
S3’'mpathetic neurones, at the highest intensity and frequenc3" of h3’’pothala- 
mic stimulation which can be applied without causing any considerable 
degree of somatic motor response, varies between 10 and 50 impulses per 
second. A part of tliis variation is undoubted^'' due to differing numbers 
of pathwa 3 ’^s to that neurone which lie within the zone of influence of the 
stimulus. Another factor in this variation ma 3 ’^ be differences in excita- 
bility of the several neurones. Although there are these marked differences 
in the quantitative behavior of S3m'ipathetic neurones, the qualitative 
aspects of their behaAdor in relation to changes of frequency and intensity 
of hypothalamic stimulation are reniarkalily reproducible. 

In 7 experiments in which the relationship lietween impulse frequency 
and stimulus intensity was examined, it was found to have the characteristic 
sigmoid form of figure 4, although the maximum impulse frequency varied 
between 10 and 50. Similarly in 8 experiments a relationship was noted 
between impulse frequenc 3 ' and stimulus frequency which was linear over 
a considerable part of the range, though here again the peak frequencies 
varied over wide limits. 

If it is true that the peak frequencies of impulse initiation in these experi- 
ments are related to the number of pathwa 3 's e.xcited as well as the frequency 
of their excitation, then an increase in intensity of stimulation should not 
alter the general character of the relationship between impulse frequency 
and stimulus frequency, but merely change magnitudes. In figure 10, 
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records A, B, C and D, E, F, the same three frequencies of stimulation were 
applied to the hypothalamus. In the A to C group, the relative intensity 
V as 1 ; in the D to F group, it was 3. That an increase in intensit 3 '^ at each 


A D 



Fig. 10. The discharge of impulses in a single fiber of the cervical sympathetic 
nerve during hypothalamic stimulation at 3 frequencies and 2 intensities. Left 
column, A to C, intensity of 1 ; right column, D to F, intensity of 3. Frequency of 
upper rosy, 38; middle row, 68; lower row, 100 per second. Time, -J second. 



STIMULI PER SCCOSS STIMULUS IMTERSiTt 

Fig. IIA. The relation botweon frcfjuemw of discharge of impulses in a single fiber 
of the cervical sympathetic nerve and frequency of hypothalamic stimulation at 
relative intensities of 1 and 3. 

Pf. Similar relationship between frequency of di-scharge and intensity of stimula- 
tion at .stirmiln.s frequencie.s of 41 and 17.5 per .sectnid. 

fn‘(jU(‘ncy of .stitnulafion prothiec.s an incrctisc in imj)ul.sc frctpiency is 
app.nrcnt by comparing A, B, C (low intcn.sity), with D, E, I’ (higher 
inten.sily). In figtirc 11 A the complete data of .such an e.vperirnent are 
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presented p:raphically. The relation between impulse frequency and 
stimulus frequency at each intensity is linear throughout the greater part of 
the range, though the slopes differ. The peak frequency of this neurone 
varies between 12 and 27. depending on the numbers of pathways excited, 
yet the general relationship is unchanged. 

One difference in this relation.ship which wc have noted between different 
neurone.s is illustrated by comparing figures 7 and 1 1 A. An cxtrajiolation 
of the linear part of the relation in figure 7 passes through the origin; 
in figure 1 1 A it strikes above the origin. It seems plausible to assume that 
while the two neurones do not (ire spontaneously, the one whoso behavior 
is illustrated by figure 10 A m.ay be i-ccciving subliminal excitation from 
another source than the hypothalamus, while the neurone of figure 7 does 
not. Such subliminal e.xcitation summing with hypothalamic excitation 
might produce a frequency of firing at each stimulus frequency higher by a 
constant amount than would lie predicted. 

As illustrated by figure 11 B. a change of stimulus frequency from 41 per 
second to 175 per second docs not seriously alter the form of the relation- 
ship between impulse frcciuency and stimulus intensity, although the peak 
value.s vary between 7 and 15 irnpulse.s per second as a result of increasing 
the rate of stimulation of a constant number of pathways. 

Inicgralion of hypolhalaimc cardiovascular responses. A. Antagonism 
hclu'cen buffer reflexes aiul hypothalamic cardiovascular responses. Stimula- 
tion of the hypothalamus with oven low intensity stimuli disturbs to a 
considerable degree the delicate regulation which maintains blood pressure 
and heart rate within norm.al limits. Some aberration of the normal is 
prerequisite for the hypothalamus to exercise its function of adjustment 
to emotional and thermal factors in the environment, j'et the basic need 
for regulation remains unchanged. Since hypothalamic activity and 
activity of the buffer reflexes are in direct opposition to one another, the 
degree of their interplay is an important factor in analyzing cardiovascular 
regulation. 

Bronk and Stella (1932) have shown that pressure sensitive endings 
within the walls of the carotid sinus and aorta discharge impulses whose 
frequency is proportional to the prc.ssure. A rise in pressure increases the 
frequency of discharge and brings into activity new endings which did not 
respond at the lower pressures. These impulses carried to the medullary 
cardiovascular centers over the nerves of Hering and the depressor nerves 
produce an inhibition of tonic sympathetic outflow to the heart and blood 
vessels which I'esults in a loii’ering of pressure toward normal (Bronk, 
Ferguson and Solandt, 1934). 

Evidence of the activity of the buffer mechanism is seen in figure 1. 
The tonic activity in the inferior cardiac nerve, which is evident at normal 
pressure levels prior to hypothalamic stimulation, is completely abolished 
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during the period of elevated pressure following the cessation of stimulation. 
Records from single fibers of the depressor nerve cleai’lj^ indicate that the 
pressure sensitive endings within the aortic arch respond to the rise in blood 
pressure produced bj-^ hypothalamic stimulation with an increasing fre- 
quency of discharge. Central stimulation of the depressor nerve at a 
comparable frequency causes inhibition of the tonic sympathetic outflow 
over the cardiac nerve. 

Such experiments indicate the extent to which the buffer reflexes operate 
in returning conditions to nonnal following hypothalamic stimulation. 
Experiments of another type, however, must be performed to show whether 
the buffer reflexes act to oppose the changes induced during the period of 
hypothalamic stimulation. If brief bursts of high frequency stimuli are 
applied to the In'-pothalamus at intervals of 1 second, each burst of stimuli is 




Fig. 12. Inhibition of symp.atlietic activity in the inferior cardiac nerve by (he 
elev.ation of blood pressure following the injection of adrenalin. A, low intensity 
stimuli to the hypothalamus; B, high intensity stimuli. Time, 1 second. 


followed by a synchronized volley of impulses in the inferior cardiac nerve. 
Roughly, the height of the volley is indicative of the number of sympathetic 
neurones responding. In the experiment from which figure 12 A was taken, 
bursts of stimuli of low intensity were apjflied to the hypothalamus once a 
second throughout the entire record. Adrenalin wjts injected during the 
interval indicated by the first break in the record. As the blood pressure 
rose, the volleys decreased progressively in height, until inhibition became 
comiflete, although stimulation contimied unchanged. In the hist part of 
the record, a fortuitous fall in lilood pre.^^sure permitted a volley to (escape, 
indicating most clearly that, inhibition of the periodic hypotluilamic drive 
resulted from the rise in pre.^sure. 'I'he exiaa-iment was then rejieated in 
an identical manner e.vcept that the intensity of the bunsts of hypothalamic 
stimulation was increased. Record B illustrates that the buffer refle.xes, 
brought into play by tlu' rise in blood pressure could not completely inhibit 
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the volleys initiated by the more intense hypothalamic stimuli, though 
they could reduce for a time the number of neurones responding. 

An extension of this principle is illustrated bj' the records of figure 13. 
A single neurone of the cervical sympathetic was caused to fire repetitively 
by high frequency, very low intensity stimulation of the hypothalamus, 

A 





D 



Fig. 13. Slowing and inhibition of discharge in a single fiber of the cervical sympa- 
thetic nerve by the elevation of blood pressure following the injection of adrenalin. 
Between records A and B, adrenalin was administered intravenously. Time, 
5 second. 


maintained constant throughout the entii’e series of records. In the 
interval between records A and B, adrenalin was given intravenously, and 
with the rise in pressure, the response frequency diminished until the 
neurone ceased to fire, record C. With return of pressure toward normal, 
the neurone again began to fire repelitively, record D. Stimulation of 
the hypothalamus with more intense stimuli caused this neurone to fii'e 
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more rapidty, and under these circumstances, a rise of blood pressure pro- 
duced a negligible slowing of the response. 

These experiments indicate conclusivelj^ that the buffer reflexes do act to 
oppose a rise of pressure during the period of h3’^pothalamic stimulation. 
Furthermore, it is clear that activation of the buffer reflexes interposes a 
relative block between hj’-pothalamus and efferent sjunpathetic outflow. 
If the buffer reflexes are activated maximalh’^, and if the intensity of 
h3^pothalamic stimulation is low, the block can be an absolute one. Or it 
ma3' be onh* a relative block, diminishing the number of responding efferent 
motor neurones and the frequenc3’^ at which the3’’ respond if the intensity 
of h3^pothalamic stimulation is high. Such results can best be interpreted 
on the basis of a S 3 maptic break in the descending Itypothalamic pathwa 3 ’s, 
at which the afferent buffer nerves ma3* e.xert an inhibitoiy action. 



Fig. 14A. Increased discharge in the inferior cardiac nerve during hypothalamic 
stimulation and inhibition following stimulation in an animal in which the buffer 
nerves had been sectioned bilateralb'. Arrows indicate beginning and end 
of stimulation. 

B. Minimal inhibition of spontaneous discharge during the elevation of blood 
pressure produced b\' the injection of .adrenalin in the same animal. Time, I second. 

A factor, other than buffer reflex activation, also operates to inoduce the 
inhibition of .‘spontaneous .S3'mpathetic activit3' which follows lu'pothalamic 
.ctimulation. The operation of this factor is clearl3' illustrated 1)3' lypo- 
thalamic stimulation in an animal in which the buffer nerves have been 
sectioned. Figure 14 .shows that the inhibition of sitontancous activit3' 
following h3'pothalnmic .stimulation is marked (record A) even though 
the carotid .‘‘inu.s and deprc.ssor nerves had been sectioned bilaterall3'. 
The complelone.«s of removal of the pre.«surc .sensitive afferents is illus- 
trated 1)3’ record B. The admini.st ration of intravenous adrenalin produced 
a considerable rise in blood pre.ssure, 3’ot there was onl3' a minimal degree 
of inhibition of .<pontancous sympathetic activitN’. The inhibition follow- 
ing h3'pothalamic stimulation in this experiment cannot be due to the rise 
in blood pressure. It appears to result from a diminished excitabilitA’ of 


HYPOTHAL.UIIC CARDIOVASCULAR CONTROL 


377 


the sympathetic centers following intense actmty. An analysis of the 
time course of these excitabilitj' changes is the subject of another com- 
munication. 

B. Synergisyn between buffer reflexes and hypothalaynic cardiovascular 
respoyises. The tonic discharge of impulses in the inferior cardiac nerve 
commonly shows a marked pulse modulation. This syncln-onization of 
sympathetic volleys with the pulse depends upon the integrity of the buffer 
nerves, for when these nerves are sectioned, the volleys occur at random 
and more rapid frequencies. Figures 1 and 2 show that stimulation of 
the hypothalamus with liigh frequency stimuli of moderate intensity causes 
the discharge of impulses in volleys of random and relatively high fre- 
quenc 3 L The buffer nerves obviouslj’^ are exerting no veiy marked control 
over the increased .sympathetic activity induced bj'^ such intensities of 
stimulation. If, however, the h 3 ^pothalamus is stimulated at low intensity 
with liigh frequenc 3 '^ shocks, the moderate^'’ increased S3'-mpathetic activity 


I \ 



Fig. 15. Groups of sympathetic impulses in the cardiac nerve synchronous with 
the pulse. Increase of this grouped discharge during stimulation of the hypo- 
thalamus at 100 per second. Arrows indicate beginning and end of stimulation. 
Time, } second. 

may be shown to be checked and controlled b 3 " the buffer reflexes much as 
is the normal spontaneous activity. Figure 15 illustrates such S 3 mergistic 
action between the buffer reflexes and activity induced by low intensity 
hypothalamic stimulation. The first part of the record illustrates the 
spontaneous tonic S3mpathetic discharge synchronous with the pulse. 
During the interval marked off by the arrows, low intensity Ifigh frequency 
stimuli Avere applied to the hypothalamus. Stimulation results in both a 
rise in blood pressure and an increase in S3mpathetic activity in the cardiac 
nerve. But most striking is the fact that this activity is an accentuation 
of the normal, showing an even more definite pulse modulation. The con- 
clusion is inescapable that such moderate increases in sympathetic activity 
induced by hypothalamic stimulation are Avoven into the normal pattern 
of sympathetic cardiovascular response Avithout serious disarrangement of 
regulation. 

C. Syimynalion of hypothalamic and peripheral nerve pressor respoyises. 
The pressor response obtained on central stimulation of a peripheral 
sensory nerve is familiar to every student of physiology. That it may be 
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obtained in the decerebrate animal and is independent of structures above 
the pons for its central integration is similarly common knowledge. The 
central course of the pressor reflex pathway in the tract of Lissauer, integra- 
tion at a medullary’' level, and efferent outflow through the ventrolateral 
columns of the cord were demonstrated by Ranson (1916). 

We have observed on stimulation of a sensorj’^ nerve an increase in 
activity in the cardiac nerve and a rise in blood pressure Avhich is qualita- 
tively similar to that observed on In’^pothalamic stimulation. Thus central 
stimulation of the sciatic, femoral or peroneal nerves causes an abrupt 
increase in activity’ in the cardiac nerve, a rise in blood pressure after a 
latency of more than second, and following stimulation, an inhibition of 
spontaneous discharge in the nerve which lasts for the duration of the 
elevated blood pressure. The differences between the peripheral nerve 
pressor response and the response to h3qDothalamic stimulation are chieflj’’ 
quantitative. In our experience the pressor response from nerve stimula- 
tion is variable in the anesthetized animal, unobtainable in some, and 
aIwa\^s less in magnitude than that obtained on hj^pothalamic stimulation. 

. The results obtained, however, bj’- simultaneous stimulation of the hypo- 
thalamus and a peripheral sensori’’ nerve emphasize the essential similarity 
between the pressor responses elicited from the two sources. If strengths 
of stimuli are so adjusted as to produce comparable responses from hypo- 
thalamic and nerve stimulation, simultaneous stimulation leads to a 
response qualitatively identical to that from the two sources singly, but 
of a magnitude equivalent to their sum. 

The foregoing observations indicate that hypothalamic activity is not 
permitted, unchecked, to disturb the balance of cardiovascular regulation. 
Nor, on the other hand, is buffer reflex adjustment so inflexilile, that devia- 
tions of large magnitude are impo.ssibIc. Rather, these experiments sug- 
gest that there is ojierative a delicate system of checks and balances which 
permits a deviation from normal dircctl.v related to the intensity of hypo- 
thalamic activity and inversel.v related to the degree of disturbance 
caused therein*. The buffer reflexes exert a control over .sympathetic 
outflow induced In* Iwpothalamic activity much as thej* do over spon- 
taneous activity originating within the medullarv centers. If the increase 
in .sympathetic activity* is slight, it is modulated and fitted into the same 
pattern as is the normal. If the increase is great, the buffer reflexes, no 
longer able to modulate it, at lea.st hold it in check l\v a j-clative block at 
the medullary level. 'This block ma.v operate to diminish both the number 
of .S3'mi)athetic neurones rc.sponding and the frequency of respon.se of any 
given neurone. The e.«scntial similarity lielwccn the pressor response from 
hypothalamic and .sensoiy nerve stimulation, and the demonstration that 
they are capable of summation, .«;uggests that under certain circumstanc(!s 
the two may .show mutual re-enforcement. Such re-enforcement, might 
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prove of value in activities where there is association of painful stimuli 
with the affective state. 

Characteristics of the excitatory process. The factors so far considered as 
determining the response of sympathetic neurones to hypothalamic stimu- 
lation have been concerned with the more gross overall excitability rela- 
tionships. However, if one examines certain experiments more closely, 
details of relationships appear. A single stimulus applied to the hypo- 

27/SEC. 
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Fig. 16. Discharge of impulses in two fibers of tlie cervical sympathetic nerv^e 
in response to stimulation of the lu^pothalamus at the indicated frequencies. Time, 
i second. 


thalamus sets up a single volley of descending impulses whose magnitude, 
i.e., the number of participating pathway.s, depends at any one placement 
of the electrodes upon the stimulus strength. vSuch a A'olley of impulses 
may or may not cause a particular neurone of the cervical sympathetic to 
discharge an impulse. IMost neurones Avhich we have studied do not 
respond to single A’^olleys of ordinary intensity, though some do. The 
response of both types of neurones to repetitii'C volle.ys is illustrated b}' 
figure 16. The neurone characterized by the larger spike potential fires 
in response to a single volley. The neurone characterized by the smaller 
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spike potential fires onh'^ after the summated effects of some 20 or mom 
volleys. That there is no fundamental difference between these two 
neurone types is indicated by the fact that a neurone not responding to a 
single volley may be caused to do so by introducing into the hy]5othalamus 
high frequency subliminal stimuli through a second pair of electrodes. 

Figure 3 illustrates a second principle, namely, the number of volleys 
which must be summated to fire a particular neurone depends iqion the 
stimulus strength. In record A of figure 3, 0.43 second of hypothalamic 
stimulation at a frequency of 100 volleys per second was required before 


A 



Fig. 17. Discliarge of impulses in a single fiber of the cervical .sympathetic nerve 
in response to stimulation of the hypothalamus at ii and 13 per second. The stimuli 
are indicated by the faint upward deflections at regular intervals throughout each 
rceord. An imi)ulse appears after the first and hast stimuli in A. Three impulses 
are recorded in B. Time, ' second. 

the neurone gave it.s initial response. In record II an increa.se of 3') jtfa’ 
cent in the intensity of the .stimulus reduced the time to the finst response 
to 0.03 second. 

Figure 17 illustrates a third principle, namely, that independent of the 
number of volleys which must .summate before a neurone tire.s, the neurone 
fires in response to or is triggered by a particular volley. 4’here is a relii- 
tively constant latency in this experiment of IS to 22 msec, from the start 
of a parti«'ular volley of impul.se.s in the hyf)othalanni.s, to the arrival of a 
particular im|)ulse in the ecTvical .‘;ymj)athetic at the point of na-ording 
in the neck. 
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Figures 3 and IG also illustrate a further point of interest. The time 
from the beginning of stimulation to the first impulse is always less than 
the time from the first to the second impulse, often considerably less. 
Furthermore, the intervals between succeeding impulses tend to lengthen. 
In consequence of these change.s, the neurone fires most rapidly at the 
beginning of stimulation, adapts to a lower frequency over the first second, 
and then maintains a frequency which only slowly declines over the remain- 
ing period of stimulation. 

The observations just cited may be qualitative^' described in terms 
used in studies on spinal reflexes (Creed, Denny-Brown, Eccles, Liddell, 
Sherrington, 1934) and on ganglionic transmission (Eccles, 1937), though 
it must be emphasized that our use of the terminolog.y implies nothing as 
to the fundamental mechanisms involved. Thus the initial firing of the 
sympathetic neurone in response to h.ypothalamic stimulation depends on 
the building up of a central excitatory state bj' repetitive volleys from the 
hypothalamus, to a critical lei'el, at which a single I'olley (detonator) trig- 
gel's the mechanism and fires the neurone. Once the neurone has fired, 
the subsequent behavior of the system depends in jiart upon the average 
level of excitatory state maintained by the hypothalamic volle3'S, and in 
part upon the time course of recover}* of excitability, a subject to be treated 
in another communication. In fact the stead}' state, which is characterized 
by repetitive firing of the cervical sympathetic neurone at a constant fre- 
quency to maintained hypothalamic stimulation, may be most readily 
visualized as a balance between these two factors. 

The rate at which the excitatory state is initially built up and the final 
average level it maintains are directly related to the frequency of the 
hypothalamic volleys, and the number of pathways carrying volleys. The 
time for recovery of excitability, however, is directly related to the fre- 
quency at which the system fires. It follows that the increased frequency 
of firing resulting from increase in frequency or intensity of hypothalamic 
stimulation is attained by maintaining a higher average level of central 
excitation capable of exciting earlier in the recovery cycle. The period 
of rapid decline in discharge fi-equcncy at the start of stimulation finds 
explanation in summation of subnormality requiring a progressively in- 
creasing recovei'y time, wliich after a second or less becomes stabilized. 

If we attempt to pass from the general to the specific in explanation of 
the above phenomena, no one incontrovertible fact enables us to choose 
between several current theories. The excitatory state which in our experi- 
ments shows such definite temporal summation can logically be explained 
in terms of relatively long persistence at synapses of the excitatory changes 
produced by single volleys (Dale, 1937; Eccles, 1937; Barron and hlatthews, 
1938; Bronk, 1939). However, the unknown, but obviously complex, 
configuration of the tegmental projections from the hypothalamus allows 
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for the setting up of complicated chains of interneurones Avherein synaptic 
changes of brief duration could account for the relations noted (Lorente 
de No, 1939). 


SUMMARY 

Stimulation of the hj^pothalamus of the anesthetized cat with brief 
repetitive condenser shocks of moderate intensity leads, after a latency of 
less than 0.1 second, to an abrupt increase in activity of S3’^mpathetic 
nerv’es to the heart and blood vessels. This activity ceases equallj’^ 
abruptty when stimulation is stopped, and for a variable period thereafter 
all spontaneous activity in these nerves is inhibited. There is no evidence 
under the conditions of our experiments that any sympathetic after dis- 
charge results from Itypothalamic stimulation. Blood pressure begins to 
rise some 1 to 2 seconds after the start of hj'pothalamic stimulation, and 
maj'^ continue to rise and remain elevated several seconds after stimulation 
is stopped. The delaj- in the rise of blood pressure and the prolongation 
of the rise result from latency" and inertia of the s.ympathetic effector, not 
from anj’’ corresponding delaj' or persistence of neural activity. 

An increase in intensity or frequencA’- of hj^pothalamic stimulation in- 
creases the magnitude and duration of the rise in blood pressure. This 
increased effector response is brought about bj'^ an increase in the number 
of sj'mpathetic motor neurones set into activity and b\" an increase in the 
frequencj' of response of each neurone. 

Multiple jmthways descend from both sides of the h\’'pothaIamus to 
make connection with each s.ympathetic motor neurone. The frequenc.y 
of re.sponse of the neurone is a function of the number of these pathwa.ys 
excited and of the frequenc.v at which the\' aro excited. 

While stimulation of the lateral and posterior portions of the hy])othala- 
mus .vields respon.^es of greater magnitude, no (lualitative differences have 
been noted on stimulation of the preoptic, tuberal or mammillary divisions. 

3’he buffer reflexes which control the spontaneous sympathetic outflow 
from the medullary centers, also moderate the outflow induced by hypo- 
thalamic stimulation. Activation of the buffer afferents ma.v inhibit all 
re.'^ponse of .<vmj)athetic motor neurones to h.vpothalamic stimulation or 
reduce the number of the.ro neurones re.«ponding. Similarl.v the frequenc.v 
of re.-i)onse of ain' single neurone ma\' be retlucf'd or the resj)ons(.‘ entirelv 
abc)lished by activation of the buffer afferents. The buffer afferents 
impre.'S a pulse modulation upon mild inerea.ses of .sympathetic activity 
which result from h.vpothalamic stimulation in e.xaetl.v the .'-ame way that 
the.v modulate spontaneous sj'inpathetie outflow. These facts are inter- 
jjieted as indicating that svmpathetic re.sponses from h.vpothalamic .•stimu- 
lation are meriiated through medullaiy s.vmpatiu'tic centers, not b.v direct 
connection of de.'Cending In'pothalumic palhwa.vs with .svmj)athetic motor 
neuronf's. 
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The frequence" of firing of a S3^mpatlietic motor neurone in response to 
hypothalamic stmiulation is determined by the level of excitation main- 
tained by the hypothalamic vollej^s, the time course of the recovery cycle, 
and the degree of activity of inhibitory afferents at some critical point 
between hypothalamus and motor neurone. 
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In a previous study a method Avas described Avhicli permitted the sep- 
arate registration of Avhat appeared to be the contribution of the right and 
left ventricles to the electrocardiogram (1). It Avas concluded that the 
normal electrocardiogram is formed by the algebraic summation of these 
components, i.e., the dextro- and levocardiograms. The dextrocardiogram, 
a monophasic-like complex du-ected upAvard, Avas found to precede by a 
short interval the leAmcardiogram, a similar complex of opposite polarit3^ 
This asjmchrony in excitation of the tAvo A’-entricles has been noted before 
(2). A portion of the upstroke of the dextrocardiogram is therefore able 
to develop AAuthout opposition from the levoeardiogram. This unopposed 
dextrocardiogram is recorded in the electrocardiogram as the upstroke of 
R ® The onset of the leA'-ocardiogram, Avhich is of opposite polarity to the 
dextrocardiogram, arrests the further ascent of the dextrocardiogram and 
gives rise to the doAA^nstroke of R (fig. 1). The summit of the R complex 
therefore marks the moment AAhen the major part of the surface of the left 
ventricle becomes electrical Ij’’ actiA’^e, and the interA'^al betAveen the base and 
the summit of R (i.e., from the end of the downstroke of Q to-the summit of 
R) represents the interval separating the onset of the dextro- and IcA'ocardio- 
grams. 

The amplitude of the R complex docs not therefore necessaril.y jndicatc 
the height of the dextrocardiogram, since the leA'ocardiogram may start 
before the full development of the dextrocardiogram. Certain evidence 
supports this Anew: 1, dextrocardiograms arc seen occasionallj’’ Avhich are 
higher than the R. complex of the original electrocardiogram; 2, T Avave.s 

’ Aided by grants from Fluid Research Funds, Yale UniA’ersit}' and Emanuel 
Libraan Fellowship Fund. 

* Fellow of the Dazinn Foundation. 

* The Q WMA'C is not discussed for purposes of simplification. When Q i.s present 
in the electrocardiogram, the factor.s Avhich are responsible for the 11 complex cannot 
be con.«idercd to be the primary events. The nature of Q and its relation to I{ will 
l>e considered in a later communication. 
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may be found with an amphtude exceeding R (3, fig. 2), and 3, the initial 
deflection of certain ventricular cxtrasj^stoles is often greater than the 
amplitude of the R Avave in tlie normal complex. 



Fig. 1 Fig. lA 

Fig. 1. A hypothetical diagram illustrating the formation of the R wave. In 1 the 
Icvocardiogram, L, begins at the instant the dextrocardiogram, D, reaches its full 
height. The resulting R complex (shown in heavy lines) is upright, and equals the 
dextrocardiogram in amplitude. In 2 the Icvocardiogram is initiated relatively 
sooner than in 1, and the R complex which results from this summation is lower, 
and its width is reduced. In 3 the Icvocardiogram precedes the dextrocardiogram 
and in this case the resulting R is directed downward. 

It is obvious that in 2 a small plateau will develop at the apex of R if the dextro- 
and Icvocardiograms develop at equal velocities along a straight line. Such plateaus 
were in fact seen in several experiments (fig. la). In others (e.g., fig. 2c) no such 
plaieau was seen despite extreme reduction in the amplitude of R. The absence of 
a plateau could be explained by postulating that the initial portions of the dextro- 
and Icvocardiograms do not develop at a constant velocity along straight lines, or 
that heating or cooling alters the velocity of development of the dextro- or levo- 
cardiogram. 

Fig. la. Feb. 12, 1941. 10.5 Icgm. Male dog. An enlarged photograph of a single 
complex taken from lead II after 12 minutes of heating the left ventricle at 50°C. 
This shows a reduction in the height of R and the plateau postulated in figure 1, 
no. 2. 

INIethod. In the experiments reported in this paper, the hypothesis 
presented above concerning the formation of the R complex Avas tested 
methods which presumably altered the interval separating the appearance 
of the dextro- and levocardiograms. Diminishing this interval should re- 
duce the amplitude of R, while increasing the interval should augment R 
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excitation reached the opposite ventricle. Bipolar electrodes, vath an 
interpolar distance of 2 to 3 mm, were .stitched to the epicardium and ac- 
tivated by a thyratron stimulator. Ten dogs were employed and v^ere 
prepared as pre\dousl5' described (3). 

Results. A. Effect on Die R complex of heating and cooling individual 
ventricles. Enlarged photographs of three typical R complexes are shown 
in figure 2; the first is the control complex (2A), the second (2B) one of 
increased amplitude produced by cooling the left ventricle, and the third 
(2C) a complex of low amplitude which followed warming the left ventricle. 
It can be seen that in the augmented R complex produced by cooling the 
left ventricle, the Q-R interval is increased, as might be expected if the 
onset of the levocardiogram were delayed. The Q-R (end of Q to apex of 
R) interval is decreased in the complex of low amplitude which was pro- 
duced by heating the left ventricle. This is consistent with the supposition 
that the levocardiogram was initiated sooner. The influence of these al- 
terations in Q-R upon the duration of the Q-S interval is shown in greater 
detail below the photographs of the whole complex. 

The influence of thoroughly heating and cooling each ventricle on the 
amplitude of R is shown in figure 3. Wlien the left ventricle ivas heated, 
R decreased in amplitude (3b) while its height increased when this ven- 
tricle was cooled (3d). Conversely, cooling the right ventricle diminished 
the height of R (3e) while warming increased it (3c). Consistent results 
were obtained in all experiments and could be reproduced as often as de- 
sired in each experiment. In some instances the increase above normal in 
the height of R was not striking, while the diminution was more readily ob- 
tained. The typical T Avave changes produced by heat and cold con- 
sistentlj" made their appearance as previouslj^ described (3, fig. 3). The 
changes in the R complex a, had a longer latency; b, required more time 
for their full development, and c, subsided more slowR" after removal of the 
thermal chamber than the T Avave changes AA-hich also appeared in response 
to heating or cooling. These differences in the evolution of changes in the 
R and the T complexes are summarized in figure 4. 

B. Direction of the R complex in extrasystoles from selected areas of right 
and left ventricles, equidistant from septiwi. Figure 5 sIioaa^s in confirmation 
of the theory presented in the introduction that extrasystoles elicited from 
the left ventricle exhibit a doAA'mA-ard initial deflection in all three com-en- 
tional leads (5b) AAfiiile extrasystoles from the right A'-entricle shoAv an 
initial deflection Avhich is upAvard in all three leads (5a). One condition 
AA^as essential to obtain such complexes, i.e., that the point of stimulation 
lie sufficiently removed from the septum to permit spread of the impulse to 
the greater part of the A^entricle stimulated before the opposite ventricle 
AA'as involved. For this reason points AA'ere chosen approximately equidis- 
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tant from tlie septum. The configuration of extrasystoles elicited from 
points nearer to the septum is discussed in a following paper (4), 



Fig. 4 Fig. 5 

Fig. 4. Same experiment its figure la showing the dissociation of R and T changes. 
In this figure arc plotted the amplitude of R and T during cooling and then healing 
the left ventricle. Ordinates, amplitude of R and T in millimcter.s, absci-ssae, time 
in minutes. It is seen 1, that changes in the amplitude of T begin promptly when 
cooling starts while R remains for a time unchanged; 2, that the T wav’C reaches 
a maximum while the R wave continues to develop; 3, that the 1' wave responds 
prompth' to the change from cooling to heating, while R continues to increase for a 
time before responding to cold; 4, that the T wave again levels off while R continues 
to change. 

Fig. 5. Same experiment as figures la and fi. Elect roeardiograms from the three 
leads, A showing extrasj'stole.s elicited from the riglit ventricle, and B from the left 
ventricle. The points of stimulation were symmetrically placed on the right and 
left ventricles cfiuidistant from the septum. The right ventricular extrasysfolc is 
initiated by an upright deficction in all three leads, while the left ventricular extra- 
sy.stole begins with a downward initial deflection in all throe lead.s. 


Su.M.MAUY. I. Heating the left vcntrielc or eooling the right ventricle 
for a sufficient time, .shortened tlie Q-K interval and decreased the atnpli- 
ttidc of R. 
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2. Heating the right ventricle or cooling the left ventricle lengthened the 
Q-R interval and increased the amplitude of R. 

3. Extrasystoles elicited b}'- primaiy activation of the major part of 
the left ventricle showed downward initial deflections in all three con- 
ventional leads. 

4. Extrasystoles elicited bj’- primaiy activation of the major part of the 
right ventricle exhibited an upright initial deflection in all three con- 
ventional leads. 


CONCLUSIONS 

1. The R complex of the electrocardiogram results from the algebraic 
summation of the initial portions of the dextro- and levocardiograms. 

2. When the R complex is upright, its initial deflection is the upstroke 
of the dextrocardiogram, Avhile the downstroke is produced by the onset 
and deA'^elopment of the levocardiogram. 

3. When the R complex is directed downward, the downstroke is the 
initial portion of the levocardiogram, Avhile the upstroke is produced by the 
onset and development of the dextrocardiogram. 

4. The amplitude of the R complex varies with the interval separating 
onset of the dextro- and levocardiograms. The maximum amplitude is 
limited bj’^ the amplitude of the component dextro- or levocardiograms. 
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Findings reported in a foregoing paper permit the deduction that differ- 
ent areas of the heart are represented in leads I and III of the electro- 
cardiogram (1). The reasoning upon which this deduction is based is as 
follows: 

When the electrical activit}' of the anterior surface of the heart is 
abolished bj’’ a potassium pledget covering portions of both ventricles, a 
dextrocardiogram is recorded in lead I and a levocardiogram in lead III. 
Lead II may show a practically normal complex. With such treatment of 
the anterior surfaces, onh' the posterior surfaces of the ventricles can be 
the source of action potentials; therefore, the dextrocardiogram in lead I 
must be derived from the posterior surface of the right ventricle (posterior 
dextrocardiogram). The presence of a levocardiogram in lead III in- 
dicates similarh’ that lead III has recorded from the posterior surface of 
the left ventricle (posterior levocardiogram). When the posterior surfaces 
of the ventricles are treated with pota.ssium to abolish action potentials 
from this region, a levocardiogram is obtained in lead I, while a dextro- 
cardiogram is found in lead III. Lead II again may .show only minor 
deviations from the control, jn-ovided that, equal surfaces of the right and 
left ventricles are treated. In this case the levocardiogram in lead I must 
be recorded from the anteilor surface of the left -v'cntriclo (ajiterior levo- 
eardiogram), Avhilc the dextrocardiogram in lead III must be derived from 
the anterior surface of the right ventricle (anterior dextrocardiogram). 

The inference may therefore be drawn that 1, contiguous regions of the 
right and left ventricle.s do not partieij)ate in the interference which 
produces the electrocardiogram i?i leads I and III; 2, lead I lecords, at 
least prej)onderantly, the interference between the action ijotentials of the 
anterior .‘surface of the left ventricle, and the posterior surface of t he right 
ventricle (i.e., lead I = posterior dextrocardiogram 4- anterior levocardio- 
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Dextro Levo Electro 

CARDIOGRAM CARDIOGRAM CARDIOGRAM 
ANTERIOR 



POSTERIOR 



POSTERIOR 

ANTERIOR 



Fig, 1. A diagram illustrating in section 1 the hj'pothesis that lead I is formed by 
the algebraic summation of the anterior Icvocardiogram and the posterior dextro- 
cardiogram, while lead III is formed by the summation of the anterior dextrocardio- 
gram and the posterior Icvocardiogram. In this nomenclature it is assumed that 
each ventricle can be divided into an anterior and posterior region. Dextro- and 
levocardiograms are drawn as they are most frequently recorded. A Q wave is 
seen in the dextrocardiogram and a Q and small R are seen in the Icvocardiogram. 
These waves are included because they indicate the slightly earlier onset of the main 
initial deflection of the dextrocardiogram compared with’ the Icvocardiogram. They 
are not to be interpreted as an integral component of either the dextro- or levocardio- 
gi'am. The diagi’am in section 2 explains the effect of abolishing action potentials 
from the anterior surfaces of both ventricles bj*^ the application of KCl. The dia- 
gram in section 3 explains the effect [of abolishing the posterior dextro- and levo- 
cardiograms by KCl. 
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gram); 3, lead III records the interference between the action potentials 
of the anterior surface of the right ventricle and the posterior surface of the 
left ventricle (lead III = anterior dextrocardiogram + jDosterior levo- 
cardiogi’am) ; 4, lead II apjiears to record from the entire heart, being the 
summation of effects in leads I and III. Figure 1 illustrates these con- 
clusions. In the following experiments further evidence is developed in 
support of the theoiy that leads I and III record from diffei’ent surface 
areas of the heart as described above in 2 and 3. 

A. Leads in which T wave changes appear when specific areas of the surface 
of the heart are heated and cooled. Heat and cold are known to shorten and 
lengthen, respectively, the dextro- or levocardiogram, thereby producing 
characteristic T wave changes (2). When heat or cold is applied to the 
surface of the heart the characteristic T wa\'e changes which result sei-^'e to 
identic the ventricle so treated. In the following experiments, contiguous 
areas of both the right and left ventricles were treated simultaneously, 
to determine the nature of the T wave changes in leads I and III. In 
other experiments portions of the surface of a single •ventricle were heated 
and cooled to determine the lead in which the resulting T wave changes 
appeared. A third procedure consisted in ])roducing T wave changes in a 
single lead by thermal application to a chosen area of one ventricle and then 
exploring the opposite venti-icle with a second thermal chamber to find the 
region which interferes with the effects of the fii-st application. Ten 
dogs wore employed, prepared as described previously (2). 

Results of heating and cooling selected areas of the surface of the heart. 
When the anterior surface of the heart was cooled by a thermal chamber 
covering portions of both right and left ventricles, opjmsitely directed T 
waves appeared as follows: a, a prolonged, inverted T wave aj)j3eared in 
lead I, indicating in this lead the influence of a pi-olonged levocardiogram 
which could have been deri^-ed only from tl'.e cooled anterior surface of the 
left ventricle; h, in lead III the T wave was upright and prolonged, in- 
dicating the influence in this lead of a prolonged dextrocardiogram which 
could have been derived only from the anterior surface of the right venti'icle 
(fig. 2C). Lead I thcrefoi'c mu.st have recoi'ded jjreponderantly from the 
anterior surface of the left ventricle, while lead III must have recorded 
from the anterior surface of the right ventricle (fig. 3, .section 1). The 
result.s obtained by warming the anterior surface also show('d oi)positely 
directed T waves in leads I aiul III (fig. 2 B). In this case, however, Tj was 
upright, indicating shortening of the anterior le\'ocar<liogram, while 
Trii 'vas inverted, indicating curtailment of the anterior dextrocardiogram. 
This substantiates the hypothe.sis that the anterior levocardiogram is 
ifrcorded in lead I, while the anterior dextrocardiogram is recorded in le.-ifl 
III (fig. 3. section 3). 

Warming the posterior surfaces of both ventricles produced jui irjverted 
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T Avave in lead I and an upright T wave iii lead III (fig. 2 E) . The inverted 
T Avave in lead I indicates the existence of a shortened dextrocardiogram 
AA-hich could have been derived only from the Avarmed posterior surface of 
the right ventricle. The upright T Avave in lead III indicates a shortening 
of the posterior leA'ocardiogram, Avhich could haA'e been deriA'ed onlj^ from 
the Avarmed posterior surface of the left A-entricle (fig. 3, section 4). 


Control Anterior Posterior 

Heat Cool Cool Heat 




Fig. 2. Dog. Feb. 7, 1941. A. Control, leads I, II, and III. B. The influence 
of heating the anterior surfaces of the right and left ventricles (50°C.). Ti is sharply 
upright and Tm sharply inverted. Q-T duration unchanged. C. Cooling (5°C.) 
the anterior surfaces of both ventricles. Tj sharply inverted, Tm sharply upright. 
Q-T interval prolonged. D and E, comparable records obtained after cooling and 
heating the posterior surfaces of both ventricles. 


Cooling the posterior surfaces of both ventricles produced an upright 
Ti and an inA^erted Tm (fig- 2 D). The upright Ti indicates the presence 
of a prolonged dextrocardiogram, Avhich could have been derived only from 
the cooled posterior surface of the right ventricle. The inverted Tm 
similarly indicates the presence of a prolonged levocardiogram, Avhich must 
liaA^e been deriA^ed from the cooled posterior left ventricle (fig. 3, section 2). 

These experiments, AA'hich are summarized in figure 3, indicate that lead 
I records predominantly from the anterior surface of the left ventricle, 
and the posterior surface of the right A'-entricle (anterior levocardiogram 
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and posterior dextrocardiogram) whereas in lead III is recorded pre- 
ponderantly the electrical activity of the anterior surface of the right 
ventricle, and the posterior surface of the left ventricle (anterior dextro- 
cardiogram and posterior levocardiogram). 


Dextro Levo Electro 

CARDIOGRAMS CARDIOGRAMS 
COOL ANTERIOR 



NORMAL POSTERIOR 


Dextro Levo Electro 

CARDIOGRAMS CARDIOGRAMS 
WARM ANTERIOR 





Fig. 3. A diagram illustrating the mechanism of changes produced in the electro- 
cardiogram by heating and cooling the surface of the heart, to be compared with 
actual records in figure 3. In section 1 the anterior surface is cooled, prolonging tlic 
anterior dextro- and levocardiograms. Summation ns proposed in the theory devel- 
oped in this paper produces an inverted Ti and an upright Tui- The Q-T interval 
is prolonged in both leads. Warming the .same region (section 3) shortens the an- 
terior dextro- and levocardiograms, and results in an upright Ti and an inverted 
T'lII- The duration of Q-T is unchanged in both le.ads. In sections 2 and •! the 
influence of cooling and warming the posterior surfaces of both ventricles is illus- 
trated. For the purpose of simplification, the time of onset of the dextro- and 
levocardiograms is not changed in the <liagrnms. In actual experiments, heating or 
cooling docs e.vcntuully alter the time, of onset of the dextro- and levocardiograms, 
and produces changes in the amplitude of the R complex (sec figs. I and 


A furthor of the validity of tlio hypotlio.sis pnesontod hero (‘oiisistcd 
in prodiirinjr charaetori.stif alteration.^ in llio T wave Ity wanning or 
cooling the anterior or po.stcrior .‘•urfacc of a .ringlo vontriclc to dctonninc 
a. in which lead the effect was inanife.st. and h, where on the other ventricle 
a similar simultaneous thermal application would neutndize the first 
alterations. It w:is found that lea<l I recorded change.s due to heating atid 
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cooling the anterior left and posterior right ventricular surfaces while 
lead III reflected events at the anterior right and posterior left ventricular 
surfaces. 

The effects of applications of heat or cold to the anterior surface of the 
right ventricle, wMch appear predominantb^ in lead III, were neutralized by 
a similar application to the posterior surf ace of the left ventricle. Likewise, 
heating or cooling the anterior surface of the left ventricle interfered ivitli 
the effects of similar thermal changes at the posterior surface of the i-ight 
ventricle. These changes appeared predominantly in lead I, but completely 
satisfactory records of this interference were not obtained, due to difficulty 
in placing and maintaining the thermal chamber in a proper position on the 
posterior surface of the right ventricle. 

B. Alterations in the R complex of leads I and III produced hy heating and 
cooling anterior and posterior surfaces of both ventricles. The R complex 
results from the algebraic summation of the initial portions of the dextro- 
and levocardiograms (3). The upstroke to the peak of R is formed by 
the action current of the right ventricle, while the downstroke is developed 
by the onset of activity in the left ventricle. The height of R is therefore 
in part determined by the interval between the activation of the two 
ventricles (3). If this interval is shortened, the amplitude of R must 
decrease, while if it is lengthened, the amplitude should increase (3). 
Application of cold or heat to a ventricle will, after a sufficient interval, 
alter the arrival of the cardiac impulse at the surface of the region treated, 
dela3dng or hastening its activation in relation to the other ventricle, and 
thus produce characteristic alterations in the amplitude of R (3), When, 
then, areas of both ventricles are simultaneously’’ heated or cooled, the 
resulting changes in R will indicate which ventricle is responsible for them. 

Method. Heating and cooling of the anterior and posterior surface of 
the heart involving both ventricles Avas carried out in 7 experiments as 
described previously. The resulting changes in the height of R were 
determined. 

Results. Figures 4 and 5 illustrate the influence on the height of the 
R complex in leads I and III of heating and cooling anterior and posterior 
septal regions. Heating the anterior surface reduced the amplitude of 
Ri and increased Rm (fig- 4 C) while cooling had the opposite effect 
(fig. 4 B). Converseb’, heating the posterior surface increased the ampli- 
tude of Ri and reduced Rm (fig. 5 C); cooling decreased Ri and increased 
Bin (fig- fi B) . The significance of these results is discussed in the f ollmving 
paragraphs. 

When the posterior surfaces of both ventricles were cooled the amplitude 
of Ri diminished wlule the amplitude of Rm increased. Cooling necessar- 
ily delayed the arrival of the impulse to the two posterior surfaces and 
produced a delayed posterior dextrocardiogram and a delayed posterior 
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levocardiograni. The influence of the dela5’^ed posterior dextrocardiograin 
was found in lead I in the reduced amplitude of R. This indicates that the 
posterior dextrocardiogram is recorded selectively in lead I. The influence 
of the delayed posterior levocardiograni was found in the increased ampli- 
tude of R. in the lead III. The posterior levocardiograni is therefore 
shown to appear selectively in lead III. 



Fig- 4 Fig. 5 

Fig. 4. Dog. 10 kgm. April 25, 1941. Lead.s I and III. Arrows point to apex 
of 11 complex. Unretouchcd photographic enlargements. 

A. Control witli thcrm.al chambers at body temperature in place on anterior 
surfaces of right and loft ventricle. 

B. Cooling (0°C.). Increased Ri, diminished Rm. 

C. Warming (4S°C.). Marked reduction of Rj, increase in Rm. 

Fig. 5. Dog. 11.3 kgm. April 23, 1911. Leads I and III. .Arrows point to ajjex 
of R complex. Unretouchcd photographic enlargements. 

A. Control. Thermal chambers at body temperature in place on po.sterior sur- 
faces of the right and left ventricles. 

B. Cooling (0°C.). Reduction in Ri and increase in Rui- 

C. Heating (18°C.). Ri increased, Rm diminished. 

Heating tlu; posterior surface.‘; of both ventricles produced an augmented 
Rj and dimini.shed Rjjj. Warming these regions hastened the initiation 
of the i)Osterior de.vtro- and Icvocardiograms. The influence of the pre- 
mature onset of the posterior dextrocardiogram was shown in t he incr<;ased 
amfditude of Hi, indicating that the po-sterior dextrocardiogram is re- 
corde<l .‘■f'lectivc'ly in lead I. 'I'he influence of the premature onset of the 
postorior levocardiograni was .shown in the decreased amplitude of Hm, 
indicating that the posterior levocardiogram is recorded .selectively in 
lead III. 
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Similar reasoning applied to the influence of heating and cooling the 
anterior surface of both ventricles on the amplitude of Rj and Rm permits 
the deduction that the anterior dextrocardiogram is recorded selectiveh’" 
in lead III and the anterior levocardiogram is recorded selectivel}'^ in 
lead I. 

In these experiments, as in those reported in the previous section, lead 
II recorded the approximate algebraic summation of lead I and lead III. 

SujniARY. 1. Cooling the anterior surfaces of both right and left 
ventricles produced an inverted prolonged Tj and a prolonged upright 
Tin- Ri ivas increased and Rm was diminished in amplitude. 

2. Cooling the posterior surfaces of both right and left ventricles pro- 
duced a prolonged upright Tx and a prolonged ini^erted Tju. Rj was 
diminished and Rm augmented. 

3. Heating the anterior surfaces of both right and left ventricles produced 
an upright Tj of normal duration and an inverted Tm of normal duration. 
Rj was decreased in amplitude and Rm was increased. 

4. AVarming the posterior surfaces of both right and left ventricles 
jiroduced an inverted Tj of normal duration and an upright Tm of normal 
duration. Ri was increased and Rm decreased in amplitude. 

CONCLUSIONS 

1. Lead I records the algebraic summation of the anterior levocardiogram 
and the posterior dextrocardiogram. 

2. Lead III records the algebraic summation of the anterior dextro- 
cardiogram and the posterior levocardiogram. 
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In the experiments to Ise reported here, a study was made of the con- 
figuration of extrasystoles elicited from the septum and immediate!}’’ adja- 
cent regions. It would be expected that the radial spread of an impulse 
starting at or near the septum would produce simultaneous excitation of 
adjacent areas of both right and left ventricles. Thus, an impulse oi-iginat- 
ing at the anterior septum midway between apex and base would be 
expected to excite the anterior portions of the right and left ventricle before 
it reached the posterior surfaces of the heart. Conversely, a stimulus 
applied to the posterior septum would be expected to evoke simultaneous 
response in the posterior surfaces of the right and left ventricle before the 
anterior surfaces were activated. 

Evidence has already been ijresented (1) that lead I I'ecords the inter- 
ference between the anterior levocardiogram and the posterior dextro- 
cardiogram. Lead III records a similar interfci encc between the poslerior 
levocardiogram and the anterior dextrocai’diogram. According to this 
formula, extra.systolcs originating in the anterioj- oi- postei-ior septal regions 
.should exhibit predictable configurations. When an extra.systole is elicited 
by stimulation of the anterior .septum, thus exciting simultaneously the 
anterior surfaces of the right and left ventiicles, the anterior levo- and 
dextrocardiograms should both begin before theii’ posterior counterixirts. 
Therefore, the first electrical activity of these extrasystoles recorded in 
lead I .should be the unoppo.«cd downstroke of the anterior levocardiogram. 
Similarly, the fir.st electrical activity of the ext rxisj'.slole appearing in 
lead III .should be the unoj)po.>::ed upstroke of the anterior dcxtrocxirdio- 
gram (fig. lA). 

By similar reasoning it may be predicted that posterior septal (?xtra- 
systoles should show an upward initial deflection in lead I derived from 
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the unopposed upstroke of the posterior dextrocardiogram and a downward 
deflection in lead III derived from the unopposed initial downward deflec- 
tion of the posterior levocardiogram (fig. IB). 

Method. Six dogs were employed. They were prepared as described 
previously (1). Extrasystoles were elicited by delivering periodic break 


A ANTERIOR B ANTERIOR 



POSTERIOR POSTERIOR 

Fig. 1. A diagram illustrating the conhguration of anterior and posterior septal 
e.vtrasystoles. An extrasystole originating at the anterior septum (A) will involve 
the anterior surfaces of both right and left ventricles before spreading to the posterior 
surfaces, as is indicated by the heavy lines of the anterior dextro- and levocardio- 
grams. Since the anterior levocardiogram is recorded in lead I, the initial deflection 
in this lead will be downward. The anterior dextrocardiogram is recorded in lead 
III, producing an initial upward deflection in this lead. A similar explanation for the 
configuration of posterior septal extrasystoles is presented in B. 

shocks from a thyratron stimulator through bipolar electrodes stitched 
to the epicardium. 

Results. Figure 2 shows the configuration of extrasystoles in the three 
leads when the anterior surfaces of both A’-entricles were activated first 
(C), and when the initial activation involved the posterior surfaces of 
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both \'enti'icles (D). As predicted above, the initial deflection of the 
ectopic beats from the anterior septum was downward in lead I and upward 
in lead III. The initial deflection of extrasystoles evoked by sthnulation 
of the posterior septum was directed upward in lead I and downward in 
lead III. Consistent with other evidence (3) is the finding that extra- 



Fig. 2. Dog. Feb. 12, 1041. A, lcad.s 1, 2, 3, showing cxtrasystolc.s elicited by 
bipolar stimulation near the center of the surface of the left ventricle. Initial 
deflections downward in all three leads. B, cxtrasystolcs from the center of the 
right ventricular surface, .showing an upright initial deflection in all three leads. 
C, cxtrasystolcs elicited from the mid-point of the anterior septum. A downward 
initial deflection in le.ad I and an upright initial deflection in lead III. D, extra- 
,<ystoles elicited from the posterior septum. Upright initial deflection in Icarl I 
and downward initial deflection in lead III. 

.‘iy.st olc.s from tlie .^cptuin at the ajtex have the same configuration a.s oxfra- 
.sy.stolcs from the po.sterior septum. 

ICxtrasystoles elicited from regions lying between the lateral area.s, which 
gav(* com])le.\es with the .same direction in all three leads, and tla; .seiMal 
areas giving the oppo.dtely directed compl(!Xe.s in le.ads I and III as 
described :d)ove, showed tran.sitional patterns which will be discti.'^sed in 
atiother communication. 
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Discussion. The configuration of extrasystoles obtained in these ex- 
periments is consistent with the theory that distinct regions of the lieart 
are selectively represented in leads I and III; i.e., lead I records the alge- 
braic summation of the anterior levocardiogram and the posterior dextro- 
cardiogram, while lead III records a similar summation of the anterior 
dextrocardiogram and the posterior levocardiogram. 

These exjjeriments, together with those reported pre^’iousl 3 '^ (2), permit 
certain statements concerning the origin of ventricular extrasj'^stoles. A 
downward initial deflection in lead I indicates that the anterior surface 
of the left ventricle ivas excited before the posterior surface of the right 
ventricle, while an upward initial deflection in this lead indicates that the 
posterior surface of the right ventricle was excited before the anterior 
surface of the left ventricle. A downward initial deflection in lead III 
indicates that the posterior .surface of the left ventricle was excited before 
the anterior surface of the right ventricle, while an upward initial deflection 
in this lead indicates that the anterior surface of the right ventricle was 
excited before the posterior .surface of the left ventricle. 

An upward initial deflection in both leads I and III indicates that the 
major portion of the right ventricle was excited in advance of the left 
ventricle. Conversely, a downward initial deflection in both leads I and 
III indicates that the major portion of the left ventricle was excited before 
the right ventricle. Such configurations arise when extrasystoles originated 
near the center of the ventricular surface (2). 

lYhen the initial deflections of an extrasj’-stole are opjiositely directed 
in loads I and III, either the anterior or posterior surfaces of both ventricles 
must have been excited more or less simultaneously, and in advance of the 
opposite surfaces. Extras 3 ’’stolcs originating at or near the anterior septum 
exhibit a downward initial deflection in lead I and an upward initial 
deflection in lead III. Extrasystoles originating at or near the posterior 
septum show an upward initial deflection in lead I and a downward initial 
deflection in lead III. 

Electrocardiograms showing in lead I an upward QRS and in lead III a 
downward initial deflection are now said to indicate ‘left ventricular 
preponderance,” or “left axis deviation.” A downward initial deflection 
in lead I and an upward initial deflection in lead III are termed “right 
ventricular preponderance,” or “right axis deviation. It can be seen 
from the experiments I’ejiorted above that when the anterior surfaces of 
both ventricles arc activated before the posterior sui faces, the diiection 
of the initial deflection in leads I and III is what would be interpreted as 
“right axis deviation.” Conversely, primary activation of the posterior 
surfaces of both venti-icles gives rise to configurations which are interpi-eted 
as “left axis deviation.” 

It is also interesting to compare the patterns of extra.systoles from the 
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anterior or posterior septum with electrocardiograms interpreted as indi- 
cating right or left bundle-branch block. The pattern of upward initial 
deflection in lead I and a downward initial deflection in lead III, char- 
acteristic of left bundle-branch block, is also characteristic of extrasystoles 
produced by primaiy activation at the posterior surface, while a downward 
initial deflection in lead I and an upward deflection in lead III, character- 
istic of right bundle-branch block, would in an extras 3 '^stole signify the 
primary activation of the anterior surfaces of both ventricles. 

SUMMARY 

1. Extrasystoles elicited from the anterior septum show a downward 
initial deflection in lead I and an upward initial deflection in lead III. 

2. Extrasystoles ehcited from the posterior septum and apex show an 
upward initial deflection in lead I and a downward initial deflection in 
lead III. 

3. These findings support the theoiy that lead I records the algebraic 
summation of the anterior levocardiogram and the posterior dextrocardio- 
gram, while lead III records the summation of the anterior dextrocardio- 
gram and the posterior levocardiogram. 

4. Extrasystoles from the anterior septum are comparable with ven- 
tricular complexes at present interpreted as having “right axis deviation” 
or “right bundle-branch block.” 

5. Extrasystoles from the posterior septum are comparable with ven- 
tricular complexes interpreted as showing “left axis de\'iation” or “left 
bundle-branch block.” 
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Progress in the pliysiological aspects of oiir work with the ballistocardio- 
graph (Starr, Rawson, Schroeder and Joseph, 1939) has taken three direc- 
tions. Theoretical studies on tlie origin of the impacts have been con- 
tinued, leading to a change in certain of our views and the clarification 
of others. 

A second ballistocardiograph has been constructed to obtain records in 
the standing or sitting position. 

B,y this means we have studied the changes occurring in the cardiac 
output immediately after as.suming the erect position, a time when some 
normal persons and man}' jiatients exhibit transient .symptoms of dizziness 
or lightheadedness. Comparisons of the cardiac output lying and standing 
have been made by many students of the subject, but the results obtained 
have differed. This literature has been reviewed by McDowell (1938). 

We have made over 100 estimations on 58 normal subjects. Our results 
show that the average cardiac output per minute remains the same after 
assuming the erect posture, although some individuals consistently have 
smaller cardiac outputs per minute standing than lying. YTien the circu- 
lation in reclining subjects is above average noi’mal it tends to diminish 
when the subject stands; when below average normal, it tends to remain 
the same or to rise. This same tendency can be demonstrated in many of 
the published results and it will explain some of the discrepancies found. 

We have also studied methods of changing the relationship between the 
amount of the circulation in the two positions. This could be greatly 
altered by the drug paredrine, and also by the application of an abdominal 
binder in certain subjects. 

Our theoretical studies were much assisted by Dr. LeRoy Williams who 
made two casts of the ventricular chambers for us and permitted us to 
make measurements in the dissecting I’oom. We are also indebted to 
Dr. Hugo Roesler for advice concerning the position of the axes of the 
cardiac chambers. 
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Studies on ballistic theory. A mechaiiical aimlogy. Most readoi’s 
Y-ill recall what happens when a long freight train, stopped on the track, 
is started the locomotive. The train is not set in motion as a unit, but 
car by car, the impulse traveling down the train so that the last car moves 
some time after the first has started. Bend such a train around a curve 
like the aortic arch, have the locomotive push rather than pull, have it 
start, move a short distance and stop again, assume a second train for the 
pulmonari’^ s,ystem and one has a I'easonabh' close analogy to what liajipens 
in the circulation. The impacts of such a system will be the sum of the 
impacts of its units (cans) and these will be delivered in various directions 
due to the curve of the track and at different times as each starts and stops 
a little later in time than the one before it. 

We propose to analyze the ballistics of the circulation accoixling to this 
analogy by dividing it into units, analogous to the cars, the impulse travel- 
ing down the train as it starts being analogous to the pulse wave velocity. 
Thus we will estimate the impacts which would arise from the mo^dng 
blood of subject Sta. during a single systole. This subject was chosen, 
not only for convenience, but also because he had pi-oved to be an average 
subject in our previous investigation (Starr et ah, 1939). 

Construction of a schematic aorta. A diagram of the aorta of Sta. (fig. 1, A) 
was constructed from expectations based on Bazett’s data, the relative 
measurements being influenced by those obtained fi’om a cadavci’ of similar 
age found in the dissecting room. Great exactitude was not believed 
possible. 

The section area of the schema’s ascending aorta before the branches 
was placed at 3.64 sq. cm., the size expected from Bazett’s data. The 
volume of the ascending aorta and the arch is 04 cc. while the nearest 
corresponding figure in Bazett’s data, which includes (ho volume of (he* 
branches for some distance, is 81 cc. The volume of (he schema’s thoracic 
and abdominal aorta to the bifurcation is 80 cc. which can be comjiared 
with 101 cc. in Bazett’s data, the la( (or figure including (he femorals and 
(he mouths of (he larger branches. 

In figure 1, we have .sought to divide (his .schema(i<' aorta into cylin- 
drical .segments (lie contents of which would move to the segment lu.'xt 
beyond whenever 10 cc. left (he iieart. Having no branches, the ascemling 
aorta has been divided into segments of 10 cc. each. When the branches 
arc reached, a part of the blood leaves the aorta and we have assumed 
that the blood thus diverted to the .segmental vessels was inoportional to 
the diminution in .size of the aorta found in the cadaver, and continued 
this conception to the bifurcation. The volumes of .segments u.s<>d in (lie 
calculation but not shown in figure 1, .4. from .\ XI to .4 XX. ar(‘: 5.6. 
5.3. 5.0. -1.8. 1.4. 4.1. 3.9, 3.6, 3.3, and 3.1 cc. 

schema of the pulmonary artery divided into similar segments is also 
given in figure 1 . B. 
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Relaiio7is of space and time. Thus in figure 1, A one can visualize the 
positions \Yhich the various units of blood will occupy in space as the heart 


contracts. Equallj* important is the time at Avhich the blood units reach 
the successive positions. To obtain the latter, the area under Machella’s 
(1936) blood velocity curve (fig. 1,C) was estimated by drawing it on 
cross section paper and counting the squares, and this area was divided 
by vertical lines into 6 equal parts (fig. 1, C). The intersections of these 
dmding lines with the abscissa arc labeled Instant 1, 2, etc., and they 
indicate the times at which a unit of blood reaches the successive positions. 
Thus the blood occupying the proximal position in the aorta (A I, fig. 1, A) 
before systole begins at Instant I in time, vdll occupj’", in succession, posi- 
tion A II in space at Instant 2 in time, A III at Instant 3, etc. 

Calculation of impacts from blood in the great vessels. To calculate the 
impact of any blood unit in the aorta, we need first to determine its longi- 
tudinal velocity, next its longitudinal acceleration, and then to multiply 
the ordinates of the acceleration ciu’ve by the mass concerned. The 
method used for all the units can be illustrated by calculating the impacts 
arising from the blood in the proximal aorta. Unit A I, m its course around 


the aortic arch during a single systole. 

In traveling from A I to A III in space and from Instant 1 to 3 m tune 
the course of Unit A I is longitudinal so Machella’s (1936) curve is followed 
to Instant 3 in time. When traveling around the aortic arch, the longi- 
tudinal velocity diverges markedly from the true velocity and the former 
has been calculated by multiplying the ordmates of the true velocity cui ve 
by the cosines of the successive angles of divergence from the longitudmal. 
Angle 0 (fig. 1, A) which corresponds to this angle of divergence can be 
used more conveniently. The result is shown by the bioken line in ig 


""^T^le next step is to calculate the longitudinal acceleration by differen- 
tiating tJm Situ^ velocity curve; the curve resulting is shown in 

” We iay no^v calculate the force of the impacte by multiplying the differ- 
ential curve by the mass mvolved. The specific f 

approximately^ tWs — of the 

hCdrirtoVeCeWcU^ 

ishing as a resuW Acc»« 

at"h^“ S^i^d b" At A V, it is mXpiied by 0 71, 
at A VI and VII by 0,87. Therefore the impact emve diverges from the 

acceleration curve ns is shown by the dotted line in figuie , . 

mSiod was employed for each of the segments m the aorta down 
to L bifurcation and for the pulmonary artery repre- 

sentatives of the family of impact curves resiiltmg aie slimm m figure 1, T. 




CD 
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The final problem is to place these curves ivith relation to time. The 
units of blood in the aorta move in a sequence detei'mined b}’^ the pulse 
wave velocity. To estimate this for an}’' unit we ha'\’'e measured its dis- 
tance from the aortic or pulmonary valves and then used average figures 
for pulse wave velocity given by Bazett (1940) for subjects of middle age, 
i.e., 3.3 meters per second, the heart to subclavian pulse wave velocity, 
for the ascending aorta, the transverse aorta, and the pulmonaiy arteiy; 
7.6 meters per second, the subclavian to femoral velocity, for the de- 
scending aorta. 

Calculation of impacts from blood in the heart. The position of the main 
axes, the lines from the centers of mass of the ventricular blood to the 
center of the outlet valve rings is clearly shown by Roesler's (1940) illus- 
trations comparing x-ra}’ pictures of hearts taken during life with dissec- 
tions of the same organs post mortem. In most of the hearts there re- 
corded the main axis of the left ventricle lies about 45° from the longitudinal 
axis of the body. The axis of the right ventricle de^dates about 20° from 
the bodj^'s axis on the opposite side. Inspection of a large number of 
orthodiagrams with the same problem in mind gave the impression that 
the position of the left ventricular axis was usually at 45° but might often 
vaiy from 30° to 55°; the right from 35° to 5°. After inspection of his 
orthodiagram we accepted the values of 45° and 20° for the deviations of 
the axes of the cardiac chambers of subject Sta. 

The maximum possible impacts of the blood in the heart would occur if 
all the units to be ejected formed a column whose end presented at the 


Fig. 1. A. Schema of the aorta of subject Sta. Cardiac blood units grouped ac- 
cording to the “concentric” hypothesis. 

B. Schema of the pulmonary artery of Sta. Cardiac units grouped according to 
the "column” hypothesis. 

C. Solid line— Machella’s (1936) blood velocity curve drawn to linear coordinates. 
Broken line— longitudinal velocity of blood Unit A 1 during a single systole. Deriva- 
tion of instants of time in text. 

D. Longitudinal acceleration and force curves for Unit A 1. 

E. Derivation of longitudinal velocity of blood Unit LH 3 during its course from 
heart into aorta during a single systole. 

F. Representative force curves from blood units in the aorta aligned according 
to the pulse wave velocity. 

G. Similar force curves from the pulmonary artery. 

H. Force curves from blood units in the left heart according to the “concentric” 
hypothesis. 

J. The same as H, according to the **column ’ hypothesis. 

J. to M. Curves which are the resultant of forces generated by the blood in 
different anatomical positions. 

N. Resultant of all forces, theoretical ballistocardiogram according to the “con- 
centric” theorj’. 

O. Resultant of all forces, theoretical ballistocardiogram according to the “col- 
umn” view. 
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outlet valves in the manner shown in figure 1, B. In such a case all the 
units to be ejected, and another to fill the space about the valves, would 
start together at the beginning of systole. The resulting impacts have 
been calculated and the curves have been given in figure 1, 1. 

The minimum possible impacts caused by blood in the heart would occur 
if the units to be ejected were arranged in more or less concentric laj'ers, 
as illustrated in figure 1, A. When the heart starts to contract Units 5 
and 6 move ofi in the current, but Units 1, 2 and 3 are out of it for a while. 
Much of the initial motion of Units 1, 2 and 3 is along opposite radiae, 
so that little impact results until each unit, leaving position LH 4 in space, 
begins to enter the current, when it is stronglj’- accelerated. In this ar- 
rangement the units to be ejected do not start their longitudinal motion 
simultaneously but seriatim, and therefore thej'^ do not give their impacts 
at the same time, as in the “column” theory, but in series. In this cal- 
culation, the motion of the units before the.y entered the current Avas 
neglected. The results are shown in figure 1, H. 

The “concentric” conception seems to us much closer to the truth than 
the column theory, but nevertheless it may not be quite correct. The 
centers of mass of the units in the heart cannot be located in the same 
place. But any tendencj- to headward movement of the units before they 
enter the current Avould be opposed bj’’ the downward movement of the 
base of the heart during systole, so we have no hesitation in neglecting 
their impacts until the units enter the current. 

Summation of impact curves. The families of impact curves, derived from 
the motion of blood in the aorta, pulmonary artery and heart can now be 
combined by adding their ordinates at similar inteivals of time. Such 
resultant cuiwes are due to motion of the blood, and motion of the body 
will be equal and opposite. So these curv'es must be multiplied bj*- — 1 
to give the theoretical ballistocardiogram. 

Our method of giving numerical value to the coordinates of such a curve 
for subject Sta. has been given in detail (Starr et nl., 1939) and need not 
be repeated. The present calculation differs in only one particular, in 
this instance a mass factor of 1 represents the mass of 1 unit of blood 
(i.e., 10 gram.s) while in the previous calculation the mass unit represented 
the output of both sides of the heart, 120 grams. Hence the sums of the 
ordinate values of our families of curves must be divided by 12 to mjike 
them compaiable to curve A 4 of figure 5 of our previous paper (Starr 
et al., 1939). This has been done and the divisions of ordinate in figure 1 
correspond to those used in 1939. 

Relation of the curve derived theoretically to that recorded. I’iic .shape of 
the theoretical ballistocardiogram (fig. 1, N and 0) re.semblcs the normal 
records. Due to dilficulty in placing the zero line the areas of wave I 
plus wave J are a better index of size than cither alone. When the cardiac 
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impacts aie calculated as maximal, using the column assumption, the area 
of Avave I + AvaA-e J in the total theoretical impact curve for Sta., is 34 
per cent larger than the aA^erage found in his ballistocardiogram; if the 
caidiac impacts arc calculated as minimal, using the concentric assump- 
tion, the resultant curA’e is 24 per cent too small. ObAuously bj’ combining 
the tAvo AUCAvs a theory could be found Avhich Avould fit our data exactly. 
But Ave are inclined to accept the concentric Adew as approximately correct 
and other methods of improving the fit have occurred to us. Increasing 
the mass of blood assigned to the aorta Avould have this effect, and there 
is eAudence that Bazett’s data underestimate the aortic size (Cournand 
and Ranges, 1941). Also the impacts from peripheral blood have been 
neglected hitherto. While blood Avhose longitudinal velocity is retarded 
bj' diA’-ersion from the descending aorta to the segmental ATSsels has been 
calculated to give a small impact, driving the body feetAvard at the time 
of the “J” Avave, this would surely be overbalanced bj’" the inclusion of 
impacts from blood in the head, arms, and legs whose sum AA'ould proAude 
a headAvard impact at this time. Assuming that the A’elocity curA’^e re- 
tained its shape in the periphery, Ave need the impacts of 45 cc. of peripheral 
blood to secure agreement Avhen the concentric theoiy is employed. This 
does not seem unreasonable but aa'c doubt if further speculation is prof- 
itable; for the agreement betAveen theory and fact shoAvn by the curA^es of 
figure 1, N and 0, is as good as Ave have a right to expect considering the 
assumptions invoRed. 

We are noAv in a position to assign parts of the total impacts to the 
movement of the blood in different anatomical positions and the results 
are given in figure 1, J to INI. By far the largest part of the impacts Ave 
record comes from blood AA'hile in the aorta, a conclusion similar to that 
reached independently by Hamilton (1941). The contribution from blood 
in the pulmonaiy arteiy is much smaller. The footwai'd I aa^ra^’c is largety 
cardiac in origin, the headAA'ard J AvaAm is from aortic blood. We haAm 
other support for the cardiac origin of the I waA’e. In figure 3, D, is shoAvn 
the record obtained from a patient AAdiose heart, because of the operative 
removal of the left lung, was found by x-ray to be extremely displaced, 
the apex beat being 4 cm. beloAA'" the axillary fold. When the diaphragm 
is up and the heart almost transverse in position, the I Avave is haidty 
detectable. In tins situation the cardiac recoil, deliAmred transAmrsely, is 
not recorded. The feetward thnist, due to the longitudinal acceleration 
of the blood turning from the heart into the aorta, occurs throughout 
sj'^stole and so is largely buried in the lieadwaid J aara^. 

Changes in our theoretical conceptio7is. We formerly believed (Starl- 
et al., 1939) that the normal pendulum movements of the cardiac apex 
might make considerable difference to our records and so be a major source 
of error in the estimation of cardiac output. We have changed our AueAV 
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for two reasons. Not onh' does the blood in the heart itself make a com- 
paratively small contribution to the impacts but the axes of the two ven- 
tricles converge towards the midline, so that small pendulum movements 
while throwing one axis further from the longitudinal ivould bring the other 
more into line. Onl}^ in extreme pathological displacement of the heart 
can any abnormality of form be seen in our records which we can attribute 
to shift in its position. 

We previously believed that abnormal dilatations of the aorta would 
make a major error in our estimation of cardiac output and we were sur- 
prised to find that the presence of an aneurism made no recognizable differ- 
ence in the ballistic records (fig. 3, E). We now see several possible rea- 
sons. Clots filling the abnormal lumen would prevent any reduction of 
velocit^^ Also short changes of aortic diameter would have little effect, 
the momentum lost when diameter is increased being regained when it is 
decreased and vice vema. However, if the aorta entering an aneurism 
had a different direction from that leaving it an abnormality might be 
introduced into the record. 

Measurements made from x-raj”- pictures of aortae visualized in the 
living by intravenous injections of contrast media by Cournand and Ranges 
(1941) indicate that our estimates of aortic size from Bazett’s compilations 
(1935) of Suter’s (1897) autopsy data jdeld a figure which is somewhat 
too small. Data obtained from living subjects being infinitely preferable 
we will change our figures for aortic section area as soon as the newer data 
are available. The change will have the effect of raising the estimation of 
cardiac output somewhat and so bring the average of our results obtained 
on normal persons closer to corresponding data obtained by other methods. 
While the absolute value of our results will be altered the significance of 
changes and deviations from the normal will be unchanged. 

The effect on the ballistocardiogram of changes in form of the blood 
velocity cuiwe has been recalculated assuming a curve in which maxi- 
mum velocity is attained late in systole, the mirror image of the velocity 
curve in figure 1, C, and then using the methods described herein. The 
results look so much like the curves published before (Starr et al., 1939, 
fig. 5) that they will not be repeated licre. 

To study the effect of changes in pulse wave ^^elocity we recalculated 
the impact.s of Sta., substituting the pulse wave velocities obtained by 
Bazett (1041) on an old man: heart subclavian, 5.0; and subclavian to 
femoral, 11.7 meters i)cr sec. The re.sulting impact curve could hardly 
be distinguished from the one in which the average values of his age group, 
3.3 and 7.G motens per sec., wore used. So we believe that physiological 
changc.s of pulse wave velocity will not make a detectable difference in 
the ballistic records. 

Our first theoretical approximation (Starr et ah, 1930) explained the 
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impacts as the resultant of three curves. The second of these curves was 
attributed to the arrest of the blood moving headward b 3 ^ the aorta arch 
and the backward curve of the pulmonary artery. This explanation be- 
longs much bettei to the second jrart of the first curve. ^Ve now realize 
that the second and third curves have a common origin; they cliiefl}^ rep- 
resent the impacts due to the movement of the large mass of blood in the 
descending aorta. 



Fig. 2. The construction of the vertical ballistocardiograph with a detail drawing 
of the adjusting mechanism on the mirror lever. 

In spite of these numerous improvements and clarifications in our views, 
this studj’' supports all the main features of our previous conceptions and 
we have nothing further to add either to our method of calculating cardiac 
output from the records or to our interpretation of abnormal forms. 

Apparatus and records. As indicated in figure 2 the vertical ballisto- 
cardiograph consists of a light weight Duraluminum platform attached to 
a vertical steel frame which is flexibh>- connected to a heavj’' steel base 
frame, so that the platform can onlj’' move in a vertical direction. This 
vertical movement is restrained bj’’ two stiff flat steel springs whose tension 
can be adjusted bj*^ altering the length in use. Relative movement be- 
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tween the platform and the base frame drives a muTor mounted on a short 
lever, thus deflecting a light beam. This deflection is recorded on a stand- 
ard photo-kjmograph. 

Difficulty was encountered obtaining a record free of serious distortion 
from Adbrations in the building largely due to the elevators. These vertical 
vibrations ruined the record when the vertical instrument was placed 
directl 3 ’ on the floor and simple measures such as mounting it on rubber 
were ineffective. It was necessaiy to place 500 lbs. of steel plates under 
the base frame and support the whole on elastic material of diverse prop- 
erties. One edge is supported bj" a ridge of rubber-like material 3 cm. 
wide b}" 5 cm. thick, the opposite edge bj^ a row of 12 tennis balls com- 
pressed hard, the center b 3 ' about 60 tennis balls compressed lightl 3 \ The 
re.sult is not perfect, for vibrations of a frequenc 3 ’' averaging about 13 per 
second disturb the record repeatedly, for periods of a few seconds each, 
Avhenever the elevators are in use. 

Calibration. The springs have been adjusted so that 280 grams placed 
on the platform displaces the light spot image 1 cm. which makes the 
calibrations of both horizontal and vertical ballistocardiograms the same. 

Period of vibration, ^^Tien weighted with iron and struck a single blow 
the frequenc 3 " is as folloAvs: at 100 lbs., 22 vibrations per sec., at 150 lbs., 
11.5 per sec., at 200 lbs., 10.5 per sec. Thus the frequenc 3 ’’ of the vertical 
instiTiment is almost 80 per cent faster than the horizontal at 100 lbs., 
but onl 3 ' about 10 per cent faster at 200 lbs. 

Vibrations in the vertical human body. Thirteen subjects, standing on 
the platform, Avere stnick a series of taps on the head or shoulder. Analy- 
sis of those records Avhich chanced to fall botAA'een cardiac comple.xes shoAved 
that the vibrations set up had an average frequcnc 3 f of 5.57 per sec. But 
the range A\-as from 5 to G.7 per second in indiA'idual subjects and this 
average is not significanth* different from 5.72 per sec., the corrc.sponding 
aA'cragc found in horizontal subjects. 

After such taps had deflected the light spot, on its return it overshot 
the base line b3’- an amount Avhich averaged 65 per cent of the height of 
the prcA-ious deflection. This is significantly different from the correspond- 
ing average of 40 per cent found in horizontal subjects. The body pro- 
vides more damping in the horizontal than in the A*ertical position. 

Taking records. As subjects dcprc.ss the platform a different amount 
depending on their Aveights, the mirror adjusting screw must be used to 
direct the light sjjot to the cameia after each change of subject. Then 
the operator watche.s the flickering image, choose,s a time Avhen distortion 
is at a minimum and takes the i)hotograi)h. 

Meo.'inrcmcnt and calculation from the records, 'i’hc area method (Starl- 
et ah, 1939) has been used to calculate cardiac output. 7’3'pical large and 
.small comple.xe.^ of the re.'jjjiratorA’ cycle Avere selected. fl'h(‘ line on the 
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record has considerable width and in making ah measurements we used 
the top edge. A base line was drawn at the position this edge would occupy 
if the heart were not beating. With this base line waves I and J formed 
areas which were almost triangular, the first below, the second above the 
base line. With a ruler and sharp pencil true triangles were superimposed, 
the aim being to shave off from the sides as much area as was added at the 
apex. The bases of these constmcted triangles were measured in fractions 
of a second, their altitudes in millimeters. The values obtained in the 
two selected complexes were averaged and cardiac output was estimated as 
described before (Starr et ah, 1939). 

Statistical methods. The methods of Fisher (1938) were emploj'ed. The 
word significant is alwa 3 ’’s used in the statistical sense, indicating a proba- 
bility of 0.05 or less that the difference is due to chance. 

Results. Comparison of ballistocardiograms of vertical and horizontal 
subjects. Tj'pical “V” records are shown in figure 3 and thej' show sj^stolic 
complexes of a smaller amplitude than the corresponding “H” records. 
This is in accord with the diminished stroke volume found in the erect 
posture bj’’ all other cardiac output methods. The time relations to the 
electrocardiogram are the same in “V” and “H” records (fig. 3, C). 

In normal subjects the s 5 ^stolic complexes have a similar form in both 
“H” and “V” records. To investigate the finer details, the records of 
20 subjects tested in both positions were chosen at random; the average 
durations of the “H” and “V” dowmvard deflections, I waves, were 0.058 
and 0.056 sec. respectively; the upward deflections, J waves, 0.091 and 
0.096 sec., differences well within the error of placing the base line. 

Neverthele.ss major differences usualh' permit the recognition of 
records at a glance. Due to shifting of the subject’s weight from foot 
to foot the base line may wander. Deflections in diastole are often higher 
in relation to the .sj'stolic complexes, so that the latter do not stand out 
as clearly as in “H” records. When the elevators start or stop rapid vi- 
brations at a frequency averaging 13.5 and ranging from 10 to 15 per sec- 
ond, often confuse the “V” records for several seconds. Interfering vi- 
iDrations of this frequency are seldom, if ever, seen in “H” i-ecords. IMuscle 
tremors, brought out by the use of the muscles in standing, may confuse 
or destroy the usefulness of the “V” record, while the “H” record is un- 
affected (fig. 3, I). 

Experiments. Subjects. The normal subjects used were either medi- 
cal students, young doctors, or hospital and laboratory teclmicians. There 
were 36 men and 22 women all over 18 and under 35 years of age except 
the first author. No test was made within 2 houi-s of a meal. 

Technique. The .subject lay relaxed on the horizontal table for 15 min- 
utes or longer. At the end of this period blood pressure and ballistocardio- 
gram were taken. He then arose and took several steps to the I'ertical 
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ballistocardiograph which stood at the foot of the horizontal instrument, 
and stepped up 9 inches to its platform, on which he stood relaxed unth 
his feet either together or apart, records being taken 1 and minutes 
aftei talcing his stance in most experiments, with additional observations 
at 5, 10 and 15 minutes in a few. Prolonged standing was not studied. 


Fig. 3. Ballistocardiograms of subjects in the vertical and horizontal positions. 

A. to I, Reproductions approx, actual size. Time record over A applies to all. 
Largest interval 1 sec. 

A. Subject M, L., age 34, 5 ft. 3 in., 124 lbs. A normal woman after 15 min. rest 
horizontal. 

B. Same after standing 21 min. 

C. Vertical ballisto. of H. E., age 24, 5 ft. 11 in., 15S lbs. Male. Lead 1 of the 
electrocardiogram recorded simultaneously on the same film. 

D. Horizontal ballisto. of E. W., age 28, 5 ft. 4 in., 114 lbs. Female. Six months 
after left pneumonectomy. X-ray shows the heart in contact with the left chest wall ; 
the apex impulse is in the axilla. Note absence of initial downward deflection (I 
wave) in smaller complexes. 

E. Horizontal ballisto. of R. M., age 58, 5 ft. 8 in., 133. Male. Large aneurysm 
of ascending and transverse aorta. Note normal record in spite of the huge dilatation 
of the aorta. 

F. S. D., 24, 5 ft. 6 in., 132 lbs. A normal medical student after resting 15 min. 
horizontal. B.P. 112/82. 

G. Same after standing the next 2^ min., B.P. 114/00. 

H. Same lying 10 minutes after receiving 0.5 cc. adrenalin s.c. B.P. 140/68. 

I. Same standing next 2J min. Note that the adrenalin tremor destroj's the 
vertical record while the horizontal is affected little if at all. 

L. to O. Effect of Paredrine. Records reduced to two-thirds actual size. Time 
record over M applies to all this group. Subject E. W., normal medical student, 
age 23, 6 ft. 1 in., 155 lbs. 

L. After 15 min. rest horizontal. Cardiac output per minute 26 cc. per min. per 
lb. body weight, + 13 per cent of average normal. B.P. 120/80. 

M. Same subject after standing 21 min. C.O. = 24 cc. B.P. 122/88. 

N. Same subject lying i hr. after receiving 20 mgm. N-methyl paredrine hydro- 
chloride subcutaneously. C.O. = 21, B.P. 168/110. 

O. Same subject after standing next 2j min. C.O. = 29 cc. B.P. 146/96. Note 
that after paredrine the response of the cardiac output to arising was reversed. 

P. to S. Effect of an abdominal binder. Records reduced to three-quarters actual 
size. Time record over P applies to all this group. Patient W. T., age 50, 5 ft. 6 in., 
128 lbs. Complains of frequent attacks of faintness when standing. 

P. After 15 min. rest. Cardiac output = 28 cc. per min. per lb.; -f 22 per cent of 
average normal. B.P. 90/60. 

Q. .Mter standing next 2^ min., feeling dizzy and faint. C.O. = 40 cc. B.P. 
88/70 

R. After 15 min. rest with abdominal binder in place. C.O. = 34 cc. B.P . 95/65. 

S. After standing next 2| min, with binder. No symptoms. C.O. = 33 cc. 
B.P. 95/75. A vibration in the building affects the center of this record. Note that 
dizziness occurred in tho presence of an abnormally large cardiac output per minute 
and was absent when this was smaller. Also the presence of the binder changed the 
response of the cardiac output to arising. 
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The plateau after arising. Records started as soon as the subject reached 
the platform showed diminishing impacts for a brief period which we in- 
terpreted as the effects of the exertion passing off. After one minute of 
standing a plateau was attained, for the averages show no significant differ- 
ence for the next 10 minutes in the 3 subjects tested (table 1). However, 
after 15 minutes’ standing the averages showed a verj’- slight but significant 
increase in cardiac output in these three sulijects that ma 3 ^ well be corre- 
lated with the increased restlessness often seen at tliis time. Duplicate 
estimations made in e^'^ery experiment at 1 and minutes, or 2h and 5 
minutes, after assuming the erect posture confirmed the impression tliat 

TABLE 1 


Changes in cardiac output per minute during 16 minutes’ quiet standing 






CHAKOE PHOM VALUE POUND AFTER 2J 

DATE j 

SUBJECT 

SEX 

AGE 

minutes’ standing 





5 minutes 

10 minutes 

15 minutes 






per cent 


4-19-40 

Sta. 

M 

45 

■■■ 

-5 


4-29-40 





+4 


G- 3-40 , 


1 


HkI 

+5 


1-21-41 

1 




-10 

+4 

mm 

4-24-40 

C. H, 

F 

26 

-7 

+4 

-11 

5- 1-40 


j 


-IS 

-11 

+11 

5-10-40 




+15 

+30 

+15 

5-31-40 




-5 

+10 

+20 

12-24-40 

M. T. 

F 

25 

-5 

1 

-5 

-10 

1-20-41 




+5 

-10 

+5 

Averages 

-2 

+2.6 

+6 

Sirrnifinnnt. fnr P — 0 OS 

Xo 

No 

Yes 




I 

1 


the circulation was steadj- during this period. As records taken at 21 
minutes are common to all e.xperiments, onh' these results will be re- 
ported. 

Changes in the circulation on arising. Fifty-six subjects performed the 
test for the first time and the results are recorded in table 2. The changes 
of ])ulse rate and blood prc.ssure Avhich occurred are so familiar that onlj^ 
the averages have been given in table 2. The average cardiac output i)er 
beat diminished signiricantl.y; the average cardiac output i)er minute was 
unchanged. 

The avcnige of tliese results contra.sts with those olitained on the first 
author and his two technicians in tests made at monthh' intervals (table 3). 
7’he lat ter two subjects showed the same cardiac output per minute stand- 
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TABLE 2 

Relation of cardiac output per minute after resting 15 minutes recumbent and after 

standing the next 2^ minutes at rest 

First test on each subject. Cardiac output given in per cent deviation from 
average normal which equals 51 ce. per min. per kilo body weight, or 23 cc. per min. 
per lb., when Bazett’s data (1935) on aortic size are used. Normal limits ±22 per 
cent. 




CARDIAC OUT- 



CARDIAC OUT- 



CARDIAC OUT- 



PUT PER MINUTE 



PUT PER MINUTE 



PUT PER MINUTE 

SUBJECT 

SEX 


d M 
o c 

SUBJECT 

SEX 


C M 

O C 

SUBJECT 

SEX 





When 




When 

Sro 



IVhen 




horizontal 

5 ^ 

d •4-> 



horizontal 

^ § 



horizontal 





Q 











•per cent 




per cent 




per cent 




deviation 

per 

cent 



deviation 

per 

cent 



deviation 

per 

cent 



from 

normal 



from 

normal 



from 

normal 



average 




average 




average 


Ho. 


+35 


Sy. 

F 

+4 

-13 

Lo. 

M 

-9 

-9 

Cal. 

F 

+22 

-5 

Ho. 

M 

+4 

-12 

Co. 

M 

-9 

+14 

Cr. 

M 

+22 

+11 

Am. 

M 

+4 

-4 

Cap. 

M 

-9 

+14 

We. 

M 

+17 

-4 

La. 

M 

+4 

0 

Al. 

M 

-9 

+19 

Ha. 

M 

+17 


Do. 

M 

+4 

+8 

Koe. 

M 

-9 

+38 

Ho. 

F 

+17 

-f'4 

Jo. 

F 

0 

-17 

Ros. 

M 

-13 

-20 

Br. 

F 

+17 

+4 

He. 

M 

0 

-17 

Ki. 

M 

-13 

0 

Ja. 

M 

+17 

+11 

To. 

F 

0 

+4 

Ze. 

F 

-17 

-4 

Ji. 

F 

+13 

-15 

Erb. 

M 

0 

+4 

Calk. 

F 

-17 

+4 

Ev. 

F 

+13 

-15 

Po. 

M 

0 

+13 

Ca. 


-17 

+16 

Con. 


+13 

-12 

Fr. 

M 

0 

+22 

Ul. 


-17 

+5 

Wi. 


+13 

-8 

Bra. 

M 

0 

+22 

Ir. 

F 

-17 

+10 

Er. 


+13 

+4 

De. 

F 

-4 

-25 

Ha. 

F 

-22 

0 

Fra. 

F 

+13 


Vi. 

M 

-4 

-18 

Ka. 

M 

-22 

+6 

El. 

F 

+9 

-32 

Ko. 

F 

—4 

+15 

Na. 

M 

-22 

+11 

Ir. 

M 

+9 

-16 

Me. 

F 

-4 

+27 

Ba. 

F 

-22 

+17 

My. 

M 

+9 

-18 

Be. 

F 

-4 

+14 

Hi. 

M 

-22 

+17 

Mu. 

F 

+9 

-12 





La. 

M 

-30 

+6 

Pa. 

F 

+9 

+8 









Iro. 

M 

+9 

+16 









Pas 

M 

+9 

0 










Average changes on assuming the erect position. Means and standard deviations about 

the means 



means 

STANDARD 

DEVIA- 

TION 

a 

u 

Z 

< 

o 

s 

z 

o 


MEANS 

STAND- 

ARD 

DEVIA- 

TION 

SIGNIFICANCE 






mm. 

mm. 







Hg 

Hg 


Cardiac output 








per minute. . . . 

+1% 

14% 

No 

Systolic Ji.P 

+1.1 

7 

No 

Stroke volume . . 

-17.6% 

9.6% 

Yes 

Diastolic B.P 

+6.4 

8 

Yes 

Pulse rate 

+16.6 per 

8.3 per 

Yes 






mam 

min. 





' 
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TABLE 3 

Relation of cardiac output per minute after resting 15 minutes recumbent and after 

standing the next minutes 


Repeated teste in single subjects none of whom were originally accustomed to the 
test, except Sta. 




CARDIAC OUTPUT 
PER MINUTE 



CARDIAC OUTPUT 
PER MINUTE 



CARDIAC OUTPUT 
j PER MINUTE 

1 

SUB- 

JECT 

DATE 

Wlien 

horizon- 

tal 

Change 

on 

stand- 

ing 

SUB- 

! JECT 

DATE 

When 

horizon- 

tal 

Chang( 

on 

stand- 

ing 

^ SUBJECT 

' DATE 

When 

horizon- 

tal 

Change on 
standing 



per cent 
deviation 
from 
normal 

per ceni 



per cent 
deviation 
from 
normal 

per ceni 

f 


percent 

deviation 

from 

normal 

per 

cent 



average 




average 




average 


Sta. 

4-19 

+17 

-19 

Be. 

2- 4 

-4 

+14 

Calk. 

3-14 

-17 

+4 


4-23 

+13 

-10 


2-18 

-4 

0 


3-28 

-9 

-12 


4-29 

+22 

-18 










6- 3 

+9 

-12 

Ha. 

2- 7 

-22 

0 

Pa. 

3-21 

+9 

+8 


7-15 

+4 

-21 


2-17 

-25 

+8 


3-25 

0 

-6 


11-18 

+17 

-18 










12-24 

+9 

-12 

Ze. 

2-10 

-17 

-4 

Mu. 

3-21 

+9 

-12 


1-21 

+4 

-13 


2-18 

-25 

-6 


3-25 

+30 

-24 


2-27 

+22 

-11 










3-21 

+30 

-13 

Jo. 

2-11 

0 

-17 

Li. 

3-22 

-9 

+31 






3-17 

-39 

0 


3-24 

0 

-9 

Ho. 

4-24 

+17 

+4 










5- 1 

+29 

—7 

Ba. 

2-14 

-22 

+17 

Do. 

3-24 

-4 

-25 


5-10 

+24 

-17 


2-27 

-13 

-5 


4- 1 

-9 

-14 


5-31 

+25 

-20 










6- 4 

+25 

+8 

Sy. 

2-28 

+4 

-13 

Ir. 

3-27 

-17 

+10 






3-11 

-17 

+5 


4- 1 

-13 

0 

To. 

11-19 

0 

+4 










12-24 

+13 

-19 

Cal. 

3- 1 

+22 

“5 

Ji. 

4-22 

+13 

-15 


1-20 

+22 

-29 


3-15 

+26 

+14 


4-28 

+13 

+4 


2-27 

+9 

-8 










3-21 

0 

-14 

Ri. 

3-10 

-22 

+17 

El. 

4-22 

+9 

-32 






3-20 

-13 

+10 


4-28 

+9 

-12 





Ko. 1 

3-11 

-4 

+15 







1 


1 

! 

3-27 

-4 i 

{ 

+5 


1 

1 




Average change on standing, first test. ,.+2% DifTerence not significant 
Average change on standing, second test.— 5% 


ing as lying tbe first time they underwent the experiment but on most 
subsequent tests they e.xhibitcd a smaller circulation when erect. Tlic 
fii-st author, a veteran subject, always showed a smaller circulation when 
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erect. Therefore we suspected that slight emotion incident to the per- 
formance of the test for the first time might play a part in the results. 

Accordingly 20 subjects who had had no previous experience on the 
apparatus were given 2 tests about a week apart and the results are re- 
corded in table 3. The average change in the cardiac output per minute, 
on assuming the erect position, was -f2 per cent at the first test and -5 
per cent on the second, a difference in the direction expected but not of 
statistical significance. 

Agents altering the response to arising. In the course of class demon- 
strations of the action of drugs in normal medical students, records were 
obtained at the end of alternate periods of lying 10 or 15 minutes, and 
standing 2lj minutes, both before and during diTig action. Sixty such 
experiments were made. The striking feature of the results was the dem- 
onstration that in certain types of drug action the circulation in the hori- 
zontal position might be affected in one direction, while in the vertical 
position this effect was reversed. The most striking examples occurred in 
experiments after n-meth}^ paredrine hydrocliloride^ and one series of such 
records is given in figure 3. At a time when the drag had caused some 
slonfing of the pulse rate and consequent diminution of cardiac output 
per minute when the subject was horizontal, as found bj’- Altschule and 
Iglaver (1940), the circulation was strong!}’- stimulated when he stood 
erect. This effect ivas obtained on all 8 subjects given the di-ug, and the 
accelerated ckculation in the erect posture showed no tendency to dimin- 
ish for 10 minutes after arising; longer periods were not tested. 

Most of the drags tested affected the circulation similarly in the two 
positions, and while a diverse effect was seen occasional!}^ it was never of 
the degree or with the consistency seen after paredrine. Therapeutic 
doses of adrenalin regularly increased the circulation in both positions, 
but in one subject as its action was passing off, the increase was found 
greater in the horizontal position. Eight milligrams benzedrine caused 
a similar effect on one occasion. Histamine gave inconsistent results; on one 
occasion 0.35 mgm. increased the circulation when the subject lay without 
affecting it as he stood, while on another 0.4 mgm. increased it in both 
positions. Nitroglycerine gr. under the tongue always increased the 
circulation in both positions. Therapeutic doses of strychnine, metrazol, 
coramine, atropine, pitressin, and prostigmin, and distilled water, all given 
subcutaneously, had no noteworthy effect on the amount of the circulation 
in either position. 

If the abdominal wall is relaxed the application of a binder often in- 
creases the horizontal chculation but diminishes the vertical, as is shown 

1 We are indebted to the Smith, Kline, and French Laboratories for the drug 
employed. 
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in figure 3. But in most normal subjects a binder causes little change in 
either position. 

Synvptoms of faintness and the general drcidation. On six occasions nor- 
mal subjects complained of transient symiitoms of faintness, lightheaded- 
ness, or dizziness wliile standing on the vertical ballistocardiograph. In 
thi*ee instances the s 3 ’'mptoms occurred spontaneous^, in the remainder 
the}’’ occurred dui’ing drug action, especiall 3 '^ after nitroglycerme placed 
imder the tongue. In no case was the cardiac output smaller durnig the 
S 3 '^mptoms than in corresponding periods when the jiatient was s 3 unptom 
free. On the contrary, the S 3 ’'mptoms were often experienced during a 
period in which the cardiac output was definitely greater than that exist- 
ing when the 3 ’' were absent (fig. 3, Q). A slight diminution of blood pres- 
sure was usuall 3 ^, but not alwa 3 ^s observed during these s 3 ’Tnptoms, but 
in no case Avas the remaining pressure insufficient to raise blood to the top 
of the head. Schneider and Crampton (1934) and also Schellung and 
Heinemeier (1933) reported similar findings and these results were ex- 
pected b 3 ’' Starr and Collins (1931b). 

Discussion. The ballistocardiograph is not to be regarded as an in- 
stmment of high accurac 3 ^ for the estimation of cardiac output. Never- 
theless the general agreement of the results with those obtained by other 
methods has been confirmed (Cournand and Banges, 1941). In the light 
of 5 years’ experience the internal evidence continues veiy good; i.e., 
duplicates agree well, and agents laiown to increase cardiac output, such 
as exercise and certain drags, increase the size of the impacts inA^ariabl 3 \ 
The method gives most reasonable results; that it is an easy qualitative 
measure of changes of cardiac output cannot, in our opinion, be disputed; 
and this is sufficient justification for its use. But its possibilities arc far 
greater than this because, b 3 '' means of Newton’s “Laws of Motion,” tlie 
record is mathcmaticall 3 ^ related to fundamental cardiac functions, the 
amount of blood ejected and the manner of its ejection. Assumptions 
arc necessary to estimate tliis relationship; it is our hope that further 
work wall increase our knowledge of them. The absolute quantitative 
accuracy of this, and the other cardiac output methods, is unknown. 

The number of assumptions ncccssarv' varies with the nature of the 
experiment. Thus to compare the cardiac output of different subjects 
the size of their great ve.ssels must he estimated; to compare the cardiac 
output of the same subject under different conditions, as in tliis investiga- 
tion, thi.s is not ncces-saiy. 

Cardiac outputs estimated b 3 ' ballistocardiograms can be directly com- 
pared onl 3 ' if the manner of ejecting blood from the heart, i.e., the curve 
of lilood velocity during ejection, remains normal. We have evidence 
(Starr et a!., 193S) (hat change.s in the form of thi.s curve would alter the 
form of the ballistic recoixi .so that the prc'sence of this abnormality could 



VERTICAL BALLISTOCARDIOGRAPH jUSTD CIRCULATION ON ARISING 421 


be recognized. No such changes occuiTed during these experiments, al- 
though distortions of form, similar to those calculated from abnormal blood 
velocity curves (Starr and Schroeder, 1940) are common m persons with 
damaged hearts. 

Our vertical balhstocardiograph is distinctly inferior to our horizontal 
instrument. The former is much more difficult to insulate from vibrations 
due to the 3 elevators in our steel and concrete building; more pi’imitive 
housing might ob\date tliis difficulty in other places. Its record is much 
more likely to be completely ruined by muscular tremors. The advantage 
of the horizontal position was appreciated by Gordon (1877) who seems 
to have been the originator of this field (Lamport, 1941). The investiga- 
tions of Abramson (1933) and Heald and Tucker (1922) must have been 
handicaijped by the fact that they used vertical instraments. 

Some types of investigation cannot be performed. Patients subject to 
fainting placed on the platform have developed uncontrollable muscular 
movements A^dnch ruined the record long before any S 3 mptoms set in. 
Patients who are weak from anj’^ cause, or who have been long in bed, usually 
can not stand still enough to give usable “V” records, although their 
records when horizontal ma}’’ be enthelj'’ satisfactoiy. Nevertheless satis- 
factoiy “V” records can be obtained on almost all normal persons and on 
a majority of ambulatory patients. ’ 

The average relation between the cardiac output lying and after standing 
15 minutes or longer has been disputed, some authors finding a diminution, 
others no change (McDowell, 1938). The same discrepancy appears in 
our results for, while our avei-ages show no change, the circulation of cer- 
tain subjects as Sta. (table 3) regularty diminishes m the erect posture. 
Our attempt to explain the difference as the result of becommg accustomed 
to the test jdelded suggestive evidence, but failed to prove the point, so 
we sought for other explanations. Another factor became obvious as soon 
as the results were arranged in order of magnitude as in table 2. Subject 
Sta. is one of many whose cardiac output per minute, when lying, was 
above the average normal, and Avho shoived a conspicuous diminution of 
the circulation on arising. With few exceptions it is those Avhose cardiac 
output per minute, when recumbent, is below the normal average who 
show no change, or an increase, when they arise. There is significant 
correlation between the original level of the cardiac output Avhen tying 
and the change on arising. 

The search for similar correlations m the literature was handicapped bj^ 
the failure of a number of authors to report the iveight of then subjects. 
In our data the relation is significant only when weight is taken into ac- 
count. Nevertheless, in the data of Fisher (1932) and Donal, Gamble 
and ShaAV (1934) both the absolute value of the cardiac output per min- 
ute, and the cardiac output per minute related to body weight, showed 
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significant correlation with the change on arising, so we have not dis- 
regarded the data when weight was not given. 

In table 4 the results of 4 authors using the same method are arranged 
in order of magnitude. The strong positive correlation between the level 

TABLE 4 

Data on the change of cardiac output in lying and standing subjects, obtained from 
McMichael {1937); Schneider and Crampton {193Jf); Grollman {1932); and Goldbloom, 
Krause and Lieberson {1940); and arranged in order of magnitude of cardiac output 
when lying 



sub- 

ject’s 

CHANGE 


sub- 

ject’s 

CHANGE 


sub- 

ject’s 

CHANGE 

AUTHORS 

CARDIAC 

OUTPUT 

LYING 

STAND- 

ING 

AUTHORS 

CARDIAC 

OUTPUT 

LYING 

STAND- 

ING 

AUTHORS 

CARDIAC 

OUTPUT 

LYING 

STAND- 

ING 


■ 

per cent 


UUts per 
minute 



Jj'/ers per 
minute 

per cent 

S & G 

6.5 

-22 

G. 

4.3 

B9 

G. K. L. 

3.8 

4-9 

McM. 

5.8 

-33 

G. 

4.3 

■H 

G. K. L. 

3.8 

+3 

McM. 

5.3 

-21 

G. 

4.3 

-9 

McM, 

3.7 


S & C 

5.2 

-29 

G. 

4.3 

-2 

G. K. L. 

3.6 

-1-5 

S & C 

5.0 

-26 

S & C 

4.2 

-10 

G. 

3.5 

0 

McM. 

5.0 

-14 

G. 

4.1 


McM, 

3.5 

0 

McM. 

4.9 

-25 

G. 

4.1 


G, 

3.2 

0 

McM. 

4.8 

+2 

G. K. L. 

4'.1 


G. 

3.2 

-f-3 

McM. 

4.7 

-34 

G. 

4.0 


McM. 

3.0 

0 

S & C 

4.4 

-18 

G. K. L. 

4.0 

0 

McM. 

2.6 

+4 

McM. 

4.3 

-23 

McM. 

3.9 

-3 

G. 

2.4 

4-4 


TABLE 5 


Relationship between the magnitude of the cardiac output per minute with the subject 
recumbent and the change on arising in per cent of the recumbent value 


AUTHORS 

NUMBER 
OP TESTS j 

CARDIAC OUTPUT 
ABSOLUTE VALUE, 
OnREPERREDTO 
IJODYWEIonr ; 

j 

LEVEL BELOW 
WHICH CORRE- 
LATION 18 NOT 
SIGNIFICANT 
ron P *= 0.05 ' 

correla- 

tion 

COEFFI- 

CIENT 

Starr and Rawson (this paper) 

50 

body wt. 

0.26 

0.30 

Donal, Gamble and Shaw ^ 

23 

body wt. 

0.40 

0.42 

Fisher j 

47 

bod}' wt. 

0.28 

0.57 

4 .'Vuthors of table 4 

33 

nb.s. 

0.33 

0.69 

Schellong and Heincmeior 

28 

body v. t. j 

0..3G 1 

! 0.41 

.\vlin 1 

11 

body wt. 1 

0..55 

i -O.IS 

Bock : 

! 

abs. 1 


0.4G 


of cardiac output of th(j recumbent .subjects and the change on standing 
is obvious at a glance. 

The .statistical results are given in table 5. With the cxcejition of a 
.short series by Nylin (193-1), all the .series long enough to make .statistical 
























VERTICAL BALLISTOCARDIOGRAPH AND CIRCULATION ON ARISING 423 


analysis worth while, and obtained by cardiac output methods still in use, 
demonstrate the correlation mentioned above. But in the absence of a 
statistical analysis the fact has not been realized. 

Tliis conception resolves some of the discrepancies in the literature for 
the results of Schneider and Crampton (1934), believed to be at variance 
with those of Grollman (1932) because the averages were different, are 
now seen to fit well vdth the other data when its larger relations are dis- 
covered. Most of Grollman’s (1932) subjects were in the basal condition; 
none of Schneider and Crampton’s (1934) were basal, so the resting cardiac 
output was larger in the latter investigation. 

Thus some of the diversity of recorded result can be explained by the 
experimental conditions employed or by chance in the selection of sub- 
jects, but there are surely other factors. j\Iost of these studies differ from 
ours in that, since estimation of cardiac output bj’^ the methods previously 
available required considerable time, the interest necessarily centered on 
the effects of standing for longer periods than Ave usuallj’^ employed. Pro- 
longed standing provides time for the accumulation of blood and lymph 
in the dependent parts of the bodj^ and so brings into pla}^ a slow phj’-sio- 
logical mechanism not important in the majority of our experiments 
(Asmussen et ah, 1939). 

Other errors must be present, for cardiac output methods are crude. 
The contrasting experiences of Stewart and Cohn (1932) and Harrison 
(1939); and of Grollman (1932) and Gladstone (1935); and the evidence 
of Sweene}^ and Maj^erson (1937), indicate that small differences in the 
duration of rebreathing can make no little difference in the results of those 
methods which aim to secure gaseous equilibrium in the lungs before the 
blood returns a second time. So experimental error and slight differences 
in experimental technique are surely additional factors in the diversity of 
the recorded results. Nevertheless, the conception cited above does much 
to unify the field and the divergent results do not occur more frequentl}'- 
than one could expect from chance accumulation of the inherent errors. 

The published data suggest that there is a hmit below which the cardiac 
output per minute of a standing subject cannot go with safety, and that 
this limit is located near the middle of the normal range found in recumbent 
subjects, whose chculations are governed by different and less rigid re- 
quhements. If the cardiac output per minute of the recumbent subject 
exceeds his standing requirement, then the circulation usually diminishes 
on arising. If the recumbent value does not exceed the standing require- 
ment, there is no change or an increase in the cumulation when the subject 
arises. 

Our results show that drugs and other physiological agents acting on 
the cuculation do not necessarily produce the same effect when the subject 
is lying as when he is standing and so may profoundly modify the response 
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to arising. Data on the action of such agents in the erect posture is almost 
non-existent and the apparatus herein described seems well suited to ob- 
tain more information. 


SUMMARY 

Theoretical studies to account for the origin of the ballistic waves have 
been continued. The major part of the systolic complex is due to the 
movements of the blood in the aorta. 

A ballistocardiograph, designed to secure records in standing or sitting 
subjects, has been constructed. 

this means we liave studied the immediate response of the chculation 
to change of position, concentrating our attention on the plateau which 
extends from 1 to 10 minutes after arising. 

In normal persons the average cardiac output per minute is the same 
at this time as before they arose. 

On assuming the erect posture, the cardiac output per minute of some 
subjects regularly'' diminishes, in others it remains the same, in others it 
increases somewhat. The original state of the circulation is an important 
factor in this difference, i.e., when the resting cardiac output is in the upper 
half of the normal range, it diminishes on arising in the majorit.y of tests; 
if in the lower half of the normal range, it increases on arising in the ma- 
jority. 

The drug N-meth}^ paredrine hj’-drochloride, Avliich diminishes the 
cardiac output per minute in the supine position, increases it in the erect 
position, so that the response to arising is profoundly altered. No other 
drug tested gave effects comparable to this. 

The application of an abdominal binder, in certaui persons, affects the 
circulation in different directions in the erect and supine positions. 

SAonptoms of dizziness or lightheadedness on arising were not coincident 
with a diminished output of the heart. 
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The S 3 nnthetic adrenal steroid desoxycorticosterone acetate (D.C.A.) 
wU, in small doses, adequately maintain adrenalectomized animals 
(1, 2, 3). It Avill also protect the dog lacking adrenals against circulatoiy 
collapse induced by a, muscle trauma; &, intraperitoneal injection of 
isotonic glucose; c, infusion of massive doses of epinephrine (4), Accord- 
ing to Perla ei ah, D.C.A. and saline protects normal rats against histamine 
(5). However, it does not prevent the circulatoiy failure which follows 
intestinal stripping in the adrenalectomized dog (4). 

Selye, Dosne, Bassett and Yliittaker (6) and Weil and Browne (7) 
have reported negative results when D.C.A. was employed in attempts to 
prolong the survival of intact rats and rabbits subjected to intestinal 
trauma. Selye and Dosne (8) state that corticosterone, which differs 
rom D.C.A. by the presence of a hydro.xjd gi-oup at Cu, was effec- 
tive, and advocated its use in the treatment of traumatic shock in man. 
The writers (4) have found corticosterone to be an efficient agent in pre- 
venting the circulatory collapse resulting from intestinal manipulation in 
adrenalectomized dogs. 

D.C.A. was used in this stud 3 ^* The two procedures chosen to produce 
circulator}' collapse Avere of qualitatively different nature. One involved 
the plysiological responses to a simple loss in circulating blood volume, i.e., 
massive hemorrhage; the other, .surgical trauma incident to a single stage 
bilateral adrenalectom}*. In the latter procedure blood loss is negligible, 
but trauma to a not inconsiderable amount of nervous tissue in the im- 
mediate vicinit}' of the adrenal glands is often unavoidable. 

Methods. In the hemorrhage experiments trained, unanesthetized dogs 

* P.-^rt of tho expenses of this iiu'cstip.'ition w.'is defrayed hj' Julian M. LivinRSton 
of New Hochellc, N. Y. 

= We are indebted to the Ciba PJj.armaceufical Products, Inc. for generous pupplius 
of the desoxycorticosterone acetfite (Fcrcortcn) used in these experiments. 
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were bled at an approximately uniform rate of 10 cc. blood per minute, con- 
tinued until the arterial pressure had been reduced to 50-40 mm. Hg. 
The blood was taken bj'- needle-puncture from the femoral arteiy, using 
syringes inserted into a three-way stopcock, with the side arm connected 
to a fluid trap and sphygmomanometer (9). By merely rotating the stop- 
cock, arterial pressures could be taken at will during the course of the 
hemorrhage. 

The single stage bilateral adrenalectomies were performed under nem- 
butal anesthesia. In certain of these operations, and previous to dissec- 
tion of the glands for removal, the nerves in the region of the adrenals were 
locally blocked by means of a 4 per cent solution of procaine hydrochloride 
in sterile water, prepared from Novocaine (INIetz) crystals. 

The D.C.A. treated animals were given 20 mgm. (four 5 mgm. doses 
intramuscularly at 24, 18, 12 and 2 lirs.) prior to the experiment. 

The techniques used in blood chemical analyses and arterial pressure 
determinations have been desci'ibed elsewhere (10). 

I. The effectiveness of D.C.A in increasing the resistance of the adrenalcc- 
iomized dog to hemorrhage. The intact, unanesthetized dog, can withstand 
the loss of 40 to 54 cc. of blood per kgm. body weight before the blood 
pressure declines permanently to shock levels (11). If the bleeding is 
stopped at any stage previous to this, rapid blood dilution and a steady 
rise in pressure follows. The adrenalectomized dog not receiving e.xtract, 
still eating full rations, and without obvious signs of physical weakness, 
but with the arterial pressure lowered by some 20 mm. Hg from normal, 
cannot withstand the loss of 4 to 8 cc. blood per kgm. body weight without 
showing an abrupt pressure fall to shock level. In this type of experimen- 
tal animal, and in sharp contrast to the intact dog, the blood pressure will 
not spontaneously rise from this level, and death invariably follows within 
a few hours unless extract treatment is given (11). 

The animals subjected to hemorrhage consisted of ten vigorous adre- 
nalectomized dogs: four D.C.A. treated, and six controls. Two of the 
controls, when bled, were receiving adequate but minimal maintenance 
daily doses of cortical extract. Four animals served as controls of a 
somewhat different t3’-pe, since extract therapy had been withdiawn for a 
period of 24 hours prior to hemorrhage. During this interval negligible 
changes had occurred in blood chemistry, body weight, vigor and blood 
pressure. The blood urea nitrogen was in general slightly elc^'a^ed, liow- 
ever (table 1). 

The blood pressure changes during the course of the hemorrhage in a 
representative D.C.A. treated animal, and in one from which extract 
therapy had been discontinued for 24 hours, are shown in figure 1. The 
first withdrawal of blood was followed, in the D.C.A. treated dog, as in the 
intact one, by a rise in arterial pressure. This rise was sustained until 



428 


PAEKINS, SWINGLE, REMINGTON AND DRILL 


some 20 to 28 cc. per kgm. body weight bad been withdrawn. The pres- 
sure then showed a rapid decline, so that the removal of only 5 to 12 cc. 
per kgm. body weight additional blood sufficed to produce a lowering to 
.shock levels. In this particular dog, the pressure was normal or above 
thi’oughout 83 per cent of the total hemorrhage, and then fell 70 mm. Hg 
with the final 17 per cent. 

The dogs receiving maintenance doses of cortical e.xtract showed a much 
shorter period than the D.C.A. treated animal, during which the pressure 
was elevated above normal. Thus, only about 10 cc. blood per kgm. body 
weight could be removed before the pressure fell below normal. An 
additional 6 cc. lowered it to shock levels. The dogs from which extract 
had been witlilield for 24 hours showed no initial rise in pressure (fig. 1). 



rig. 1. Effect of hemorrhage in D.C.A. primed adrenalectomised dog 

In the.sc animals, therefore, the prc.s.sure Avas falling over the whole course 
of the hemorrhage. A prc.s.sure of 40 mm. Hg was produced by the re- 
moval of onty half a.s much blood as that required by the D.C.A. treated 
dog. Arteriolar capacity adju.stments appeared to be lacking in the ani- 
mals lacking hormone re.^erves. 

Following completion of the hemorrliago, the intact animals, the adre- 
nalcctomizcd dogs given fore-treatment with D.C.A., and those receiving 
large amounts of cortical extract, all showed full recovery of the arterial 
pres.sure to normal levels Avith di.^appearance of all .symptoms. Two of the 
four D.C.A. treated dogs recovered within 7 hours following the bleeding. 
'Fhe Ollier two animah CA'liibited an immediate pre.ssurc rise of 22 to 24 mm. 
Hg and then .sutTered a partial rclap.se for 4 to o hour.s, later reeovenng 
eonqiletely in 30 to 48 hours without additional treatment, of any kind. 

Dofgs receiving metx-iy maintenance do.ses of cortical extract maj’ .show, 
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on cessation of the bleeding, a spontaneous rise of blood pressure varying 
from 10 to 20 mm. Hg. However, the rise was not sustained and a re- 
gression invariably followed, leading to death from cnculatory collapse 


TABLE 1 


Blood studies of adrenalectomized dogs subjected to hemorrhage 





inin. 

Ho 

per 
min - 1 
ute 

per 

cent 

{/rams 

per 

cent 

m-eg. 
per L 

m-eg, 

perl. 

m-eg, 
per L 

mgm, 

per 

cent 

mgm, 

per 

cent 


I/Q 


110 

84 

41.8! 

12.6 

143.5 

112.2 

4.4 


83 



1 10:52 a.zn. . 

45 

88 






I 


Completed bleeding. Weak, 


1 



35. Ij 

10. 0 j 

1 



1 


swaying gait ^ 



' 02 

US 

■jflKlf 

■IKIB 






Refused water, appears nor- 





I 



1 

I 



mal 



95 

108 

: 28.5 

i 

8.3 

142.5 

113.8 

8.0 

17.0 

83 

Ate full ration, drank water 





28.7 

8.4 






Normal 


Dog 2. 13.2 kgm, 20 mgm. D.C.A. Removed 29.3 co./kgm. body weight blood 



10:00 a.m. ' 

100 

48 1 

41.8 

11.9 

142.7 


5.1 

18.3 

79 



11:30 a.m. 

46 

96 

41.5 

11.8 





j 

Completed bleeding, weak. 











! 

listless 


2:00 p.m. 


108 

Biw 

7.7 




i 


Stronger 


5:00 p.m. 

57 

108 


1 



1 



Partial relapse, inactive 



75 1 

108 

27.41 

7.2 

140.6 

107.2 

4.0 i 

18.5 

83 

Alert, active, ate full ration 

1/24 

1 9:30 a.m. 

88 1 

1 

72 

24.1 

6.2 






Appears normal 

1/25 



68 

24.5 

6.5 

143.2 

B 



84 

Normal 


Dog 3. 10.2 kgm. 3 co. cortical e.xtract daily. Removed 17.3 cc./kgm. body weight blood 


3/4 

1 9:35 a.m. 
j 10:45 a.m. 
1:50 p.m. 
10:30 p.m. 

110 1 
47 1 
75 
00 ! 

70 j 
72 1 
96 
06 

41.6 

36.0 

30.7 

27.1 

13.6 
11.8 1 
10.8 1 
9.6 ! 

143.4 

142.5 

113.2 

107.0 

4.8 

5.9 

27.0 

69.0 

83 

80 

Completed bleeding. Weak 
Strong but listless 

Refused food, alert 

3/5 

9:30 a.m. 

1 

« 

1 

124 

30.5 

10.0 

' i 






In collapse. Revived with 
cortical extract 


Dog 4. 8.0 kgm. Cortical extract withdrawn for 24 hours. Removed 15.9 co./kgm. body weight blood 


3/11 

11:00 a.m. 

106 

100 

36.7 

12.7 

141.4 

108.0 

5,7 

35.6 

81 

U;30a.m. 

44 

88 

32,8 

12.2 







2:30 p.m. 

51 

156 

33.4 

12.5 







4:30 p.m. 

38 

CO 

34.8 

12.8 

137.3 

111.2 

7.6 

62.5 

90 


Completed bleeding 
Weak, lethargic 
Died § hour later 


within 8 to 20 hours. Animals deprived of extract for 24 hours previous to 
hemorrhage usually did not exhibit even this temporary rise in pressure, 
and the chculation failed wdthin a shorter interval. 

The D.C.A. primed dogs rapidly diluted then blood following hemor- 
rhage, just as does the animal with intact adrenals (table 1). The hemo- 








































430 


PARKINS, SWINGLE, REMINGTON AND DRILL 


dilution obsen'-ed in the animals bled while receiving maintenance doses of 
extract was, however, variable in extent. One dog showed a dilution 
equivalent to that characteristic of D.C.A treated animals (table 1, dog 3). 
It is of interest to note that the blood pressure of this dog was but tem- 
poraril}’- elevated above shock levels even though the ^'estoration of blood 
^mlume, as evidenced by hemodilution values, was of similar degree to that 
of the intact or D.C.A. treated animals. (Compare dog 3 with dogs 1-2, 
table 1.) 

The animals not receiving extract for 24 hours prior to hemorrhage 
showed little if any signs of hemodilution at any time during the experi- 
ments. 

Changes in blood chemistiy characteristic of adrenal insufficiency were 
not found in any of the dogs subjected to hemorrhage. The blood glucose 
and serum chloride Ie\''els usually remained unchanged. The serum 
sodium concentration was usually slightly lowered, and serum potassium 
was elevated in some cases but not in others. A small increase in blood 
urea nitrogen was occasionally noted. The changes observed were small 
in magnitude and not always present. The data presented in table 1 in- 
dicate that blood glucose and serum electrolyte changes obviously can 
not be regarded as important factors in the circulatory failure resulting 
from hemorrhage in these adrenalectomized dogs. 

II. hieffectiveness of D.C.A. in preventing circulatory collapse following the 
surgical trauma incident to a single stage bilateral adrenalectomy. Removal 
of both adrenal glands at a single stage operation in the dog is almost 
invariably followed by death within 10 to 24 hours. Lai'ge doses of cortical 
extract will restore the pro.strate animal to normal health and vigor; morc- 
ovQv, foretreatment of the animal with large amounts of extract will protect 
against the circulatory failure (12). However, priming the animals with 
D.C.A. has, in our experience, proven quite ineffectual in prolonging the 
survival period (13) (table 2). 

The underlying basis for the rapidly fatal outcome of this type of opci-a- 
tion is not clear. It is well establi.shetl that the single stage bilateral 
adrenalectomy does not. induce circulatoiy failure in such species as the rat 
and cat. The collapse can not be attributed to alterations in serum elec- 
trolyte pattern, hemoconcentration, and loss of body water, changes which 
are usually a.ssociated with adrenal in.'^ufficiency. As shown in table 3, 
all changc.s in the blood chemLstrj” in the terminal stages of the circulatoiy 
failure following the single .stage bilateral operation, are negligible, with 
the exception of a decline in blood sugar and this is by no means invariable. 
An occasional animal may al.'-o .show a sharp rise in .serum potas.sium, e.g., 
<log 13, table 3. 

3'hc fall in gluco.se may or may not attain hypoglycemic levels. It 
might semn that the full in blood pre.ssure wa.s directly related to thi.s de- 
cline in bloorl .sugar. However, .some animals .show normal sugar valuc.s 
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arterial pressures at shock levels (table 2). Moreover, there is do 
clear correlation between the blood sugar level and the onset of circulatory 


TABLE 2 

Blood pressure and blood sugar changes following single stage bilateral adrenalectomu 

in the dog 



INITIAL 1 

i 

5 Houns ! 

] 

9 HOURS 

12 HOURS j 

24 noons j 

48 HOURS 

DOG 

Blood 

pres- 

sure 

Blood 

sugar 

Blood 

pres- 

sure 

Blood 

sugar 

Blood 

pres- 

sure 

Blood 

sugar 

Blood 

pres- 

sure 

Blood 

sugar 

Blood 

pres- 

sure 

Blood 

sugar 

Blood 

pres- 

sure 

Blood 

sugar 


Untreated animals 



mm. ! 
Hg 

mgm. 
per cent 

mm. 

ng 

mgm. 
per cent 

mm. ! 
Hg \ 

mgm. 
per cent 


5 i 

114 

87 

77 

82 

64 

82 

Revived with cortical extract 

6 

106 

82 



42 

64 

Died at 12 hours 

7 

104 

84 



43 

44 

Revived with cortical extract 

8 

no 

87 

95 

80 

63 

70 

Died at 15 hours 

Ave. 

108 

85 

! 86 

81 

53 

65 

1 


Animals receiving 20 mgm. D.C.A. before operation 


9 


89 

105 

83 

54 

68 

Revived with cortical extract 

10 

116 

84 

114 


42 

64 

Died at 13 hours 

11 

no 

87 

101 


55 

54 

Revived with cortical extract 

12 

114 

83 

64 

76 

37 

40 

Died at 10 hours 

Ave. 

111 

86 

96 

80 

47 

57 



Animals receiving 20 mgm. D.C.A. and intramuscular glucose 


13 

14 


83 

88 

112 

108 

89 

87 

82 

73 

91 

92 

m 

mgm. 
per cent 

91 

56 

mm. 

ng 

45 

50 

mgm. 
per cent 

77 

50 

mm. 

Hg 

62 

73 

mgm. 
per cent 

111 

79 

Ave.* 



111 

86 

no 

88 

78 

91 

66 

74 

48 

64 

68 

95 

Animals operated with novocaine 

infiltration. 

1-2 mgm. D.C.A./day 


15 

108 

88 

115 

65 

88 

85 

88 



87 

112 

87 

16 

no 

84 


83 

99 

71 

99 


fm 

80 

no 

85 

17 


88 

116 

86 

106 

64 

106 


106 

87 

no 

88 

18 

112 

77 

116 


106 

65 

106 


no 

75 

114 

75 

Ave.t 

no 

84 

115 

78 

100 

72 

100 


106 

82 

112 

84 


* Animals sacrificed at 72 hours (see text), 
t All animals survived on maintenance levels of D.C.A. 


failure. To test this possible relationship between blood pressure and sugar 
further, two dogs were bilaterally adrenalectomized at a single stage opera- 
tion in the usual waj--, and then hourly intramuscular injections of 10 ce. 
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of. a 10 *per cent glucose solution were given for the first twelve hours after 
the operation. The injections were intended to maintain the blood sugar 
at normal levels or above. The blood pressure decline in these two dogs 
was far less severe and slower than we had previously observed (table 2). 

TABLE 3 


.Blood sbidies on dogs subjected to single stage bilateral adrenalectomy 


DATE 

TIME 

1 

03 

a 
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Cu 

■'(HQ 
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o 5 

n 

Q 
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.« 

A 
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o 2 

O P 
p ® 
R 

* REMARKS 





Dog 9. 

7.1 fcgm. 20 mgm. 

D.C.A. 


12/2 

11:00 a.m. 

mm, 

lig 

106 j 

mtn- 
uie , 

.o: 

per 

cent 

44.0 

grams 

per 

cent 

13.5 

m-eq. 
per 1. 

144.3 

m-eq. 
per 1. 

ni.4 

1 

rn-eq. 
per I. 

6.0 

7ngm, 

per 

cent 

22.1 

1 

mgm, 
per 
cent ; 

89 


12/3 

12:16 p.m. 

108 

IBS 




1 



S3 

Completed operation 


9:15 p.m. 

64 

140 

44.5 

14.0 

141.3 

110.0 

5.0 

25.4 

68 

Near collapse, cortical ex- 



! 









tract injected 



96 

100 


• 





84 

Appears normal 





Dog 11. 

8.0 kgm. 20 mgm. 

D.C.A. 


12/0 

1 

10:00 a.m. 

no 

■fio • 

47.5 

14.9 

145.8 

111.0 

4.5 

15.3 

87’ 

Completed operation at 11:00 












n.m. 


8:00 p.m. 

55 

152.: 

■50.2 

16.3- 

143.0 

109.0 

6.2 

20;2 

54 . 

Prostrate. Died at 11:00 












p.m. 


Dog 13. 8.6 kgm. 20 mgra. D.C.A. Intramuscular glucose 


12/13 

1 

10:00 a.iii. ' 

112 

68 

42.8 

14.4 

143.8 

111.6 

6.8 

15.0 

83 

Completed operation at 11:15 
a.m. 

12/14 

1:00 a.m. 

66 

ICS i 

43.2 

16.4 ! 

143.1 

109.0 

10.2 

IS.2 

S3 

Weak, cannot walk 


10:30 a.m. 

45 { 

176 

46.3; 


145.8, 

109.0 

8.9 

20.0 

77 

Weak, sacrificed at 72 Iiours 

Dog 17. 10.2 kgra. Novocaine infiltration. 2 mgm. D.C..A./day 

2/12 j 

lOrOOa.m. i 

tlO 

72 

I 1 

^ 42.3) 

' 12.5 

143.0 

111.8 

7.0 

24.6 

88 

Completed operation at 11:55 





: 







a.m. 

1 

1 

9:00 p.m. j 

106 

144 

44. 4| 

13.4 

144.0 

112.0 

6.7 

.30.5 

64 

Active, ate full ration, normal 

• ' Dog IS. 10.0 kgm. Novocaine infiltration. 1 mgm. D.C.A. /day 
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Shock pic.sKuro levels were not reached until 20 to 24 houis after the opera- 
tion. One <jf till! two atiiinal-s tlevoloped a low blood .sugar at this time. 
Glueo!^<' injections were then continued at frcciuoiit inttavals, tliendiy 
inuiulaining the blood .‘^iigar level normal or above for the rc.st of the 
exfterimeni . Desjhte (he treat ment the animals remained extremely letlmr- 
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gic, often semi-comatose, would not stand or walk, refused all food, and 
were sacrificed at 72 hours. The blood pressures showed some elevation 
from the 24 hour level, but never approached the normal. Hence, although 
the extra glucose definitely prolonged the survival period, the blood pres- 
sure remained low and the fatal outcome was merely postponed, the animals 
dying with normal, or near normal levels of blood sugar. Although it is 
evident that these animals did not die of hypoglycemia, disturbances in 
carbohydrate metabolism apparently are associated with this type of shock 
inducing procedure. 

III. Effectiveness of D.C.A. in 'preventing circulatory failure following a 
single stage bilateral adrenalectomy when the nerves in the vicinity of the 
adrenals are blocked by prococaine. Freud et al. (14) and others have called 
attention to the presence of sympathetic plexuses in the immediate vicinity 
of the adrenal glands of dogs, and have emphasized the fact that, despite 
careful surgical technique, considerable injury and trauma to these nerves 
is unavoidable when the glands are removed. These authors attribute 
some of the symptoms generally regarded as characteristic of acute adrenal 
insufficiency, to injury of the nerves in the proximity of the glands. 

Fu'or has routinely adrenalectomized dogs at a single stage operation 
using spinal anesthesia and Thorn (1) states that the animals so operated 
can be maintained on D.C.A. In order to test the extent to which nerve 
trauma was influencing the effectiveness of D.C.A. priming in our experi- 
ments, six dogs were prepared for the single stage operation in the usual 
manner. Before dissecting the glands previous to removal, and during the 
whole of the operation, the adrenals and surrounding tissues were thor- 
oughly bathed and infiltrated with a 4 per cent novococaine- solution. 
Approximately 10 cc. of the solution were used around each gland (tables 
2 and 3). Upon recovery from the general anesthetic the dogs were alert, 
active and eager for food. A full ration was taken the day of operation. 
The blood sugar of these animals, however, still showed some decline from 
normal until food was taken, when it Avas promptly restored. No signs of 
circulatory failure appeared and the blood pressure fall was not over 20 mm. 
Hg (table 3). Whereas 20 mgm. D.C.A. used as a prophylactic 
foretreatment had failed to protect the dog bilaterally adrenalectomized 
under a general anesthetic only, the animals in Avhich the nerve plexuses 
around the glands had been locally blocked could be easily maintained in 
excellent condition by 1 to 2 mgm. D.C.A. per day. 

Discussion. The response to hemorrhage of the adrenalectomized dog 
primed with D.C.A. differs from that of the untreated animal in four major 
respects: 1. Approximately twice as much blood can be removed before the 
blood pressure falls to shock levels. 2. Throughout the major part of the 
hemorrhage, the pressure remains normal or above, while in the animal not 
receiving extract the pressure drops gradually but continuously from the • 
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time of first withdrawal of blood. 3. Both during and following bleeding, 
the blood is rapidly diluted from extra-vascular sources in the D.C.A. 
primed dog whereas the unti’eated animal shows no blood dilution. 4. The 
arterial pressure spontaneously returns to normal in the primed dog, but the 
animal lacldng hormone reserves exhibits little or no elevation of pressure 
from shock levels. 

The circulation of the non-primed animal is apparently deficient in tAvo 
important respects: 1. In the absence of hormone the dog seems unable to 
make adequate compensatory capacity adjustments of the arterioles. 
2. He is unable to dilute the blood by withdrawal of tissue fluid into the 
capillaries. Both of these deficiencies are corrected by injection of extract 
or prevented from appearing by foretreatment -vvith either D.C.A. or 
e.xtract. The evidence suggests that the circulatory deficiencies of adrenal 
cortical insufficiency, as well as those which appear as a result of hemor- 
rhage in the dog lacking adrenals, are due primarily to 1, atony of the ar- 
terioles with resulting inability to sustain a prolonged vasoconstriction; 
2, atony of the capillaries Avith consequent pooling and stagnation of blood, 
anoxia and increased permeability. These changes render ineffectual the 
normal mechanism for fluid exchange. 

It is significant that priming foretreatment of adrenalectomized dogs 
AA’ith D.C.A. is useless as a preventh’^e against circulatory failure induced 
primarily by injuiy to the neiwous system in the splanchnic area. We 
haAm previously called attention to the ineffecth’^eness of D.C.A. in pre- 
venting circulatoiy collapse Avhich folloAA’s intestinal manipulation (4). 
Both intestinal stripping and single stage bilateral adi’enalectomy are 
shock inducing procedures belonging in the same categoiy since both in- 
voh'e extensive trauma to neiwous elements in the Auscci-al region, and 
both are unresponshm to D.C.A. Corticosterone, in contrast to D.C.A., 
AA'ill afford protection to the circulation in intestinal trauma and may also, 
Avhen employed as a prophylactic, afford protection against the circulatoiy 
collapse folloAA'ing the single stage bilateral adrenalectomy. 

Since local blocking of the ncrA'es or spinal anesthesia effectively pre- 
vented circulatory failure from dcAmloping after the single stage operation, 
it is evident that afferent nerve impulse,s originating in the traumatized 
region must play an essential role in the etiology of the circulatory collapse 
resulting from this type of surgical trauma in the adrenalectomized dog. 

In so far as the dog lacking adrenals is concerned, D.C.A, is an effective 
prophylactic onb’ for those types of shock Avhich arc essentially non- 
nervoiis in origin. 


BU.MMAKY 

1. Desoxycorlieosteronc acetate, AA'hcn used as a proifiiylactic fore- 
irantment, protects the adrenalectomized dog agairrst circulatoiy failure 
f ol I o wi n g h cm orrhage. 
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2. The chief circulatory disabilities of the dog lacldng adrenals and sub- 
jected to hemorrhage are: 1, inability to sustain a prolonged vasocon- 
striction, and 2, inabihty to dilute the blood. D.C.A. or extract corrects 
these deficiencies, or prevents their appearance when used as prophylactic 
foretreatment. 

3. D.C.A., unlike cortical e.xtract, is noneffective in preventing the cir- 
culatory collapse following a single stage bilateral adrenalectomy in the 
dog. 

4. Local blocking of the nervous elements in the proximity of the 
adrenals before their removal pi-events the onset of circulatory failure. 
Animals so treated can be maintained on small doses of D.C.A. 

5. Ch'culatory failure following the single stage bilateral operation in the 
dog is therefore apparently due to afferent nervous impulses originating 
in the injured area. 

6. In our experience, D.C.A. affords no protection to the circulation of 
the adrenalectomized dog, in those types of shock due primarily to injury 
and trauma to neiwous elements in the splanchnic area. 
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In a previous paper iSIoore and Sykes (1940) reported that a deficiency 
of vitamin A in the ration of calves produced an increased cerebrospinal 
fluid pressure accompanied by papilledema, nyctalopia, syncope and in- 
coordination. The addition of crystalline carotene to the ration caused 
these disturbances to disappear and the cerebrospinal fluid pressure gradu- 
ally returned toward normal. In the previous work the cerebrospinal 
fluid pressure was not permitted to increase markedly since it was desired 
to restore the pressure to normal levels as quickly as possibly by carotene 
therapy. It is the purpose of the present paper to report values for the 
pressure of the cerebrospinal fluid where the animals were permitted to 
proceed to the terminal stage of vitamin A deficiency. 

Exi’ERiRtENTAii. The animals used in this experiment had been main- 
tained on various levels of carotene to determine the amount of carotene 
required to prevent the development of an increased cerebrospinal fluid 
pressure in the growing calf. In the experiments reported here the source 
of carotene was removed from the ration of these animals in order to allow 
the various individuals to develop severe vitamin A deficiency symptoms. 

The low carotene ration consisted of skimmed milk and a concentrate 
mixture consisting of 240 pounds barley, 180 pounds rolled oats, 180 pounds 
wheat bran, 60 pounds linseed oil meal and 8 pounds salt. Ihis ration 
contained sufficient carotene to .supply two to four micrograms per kilogram 
of bodj' weight per day. Wood shavings rvere used as bedding. 

Blood plasma carotene determinations were made each week according 
to the method of Moore (1939). Cerebrospinal fluid prc.ssurcs were ob- 
tained by puncture into the subarachnoid space. The insertion wasmadc 
through the dorsal opening in the atlanto-occijjital articulation. No 
anesthetic was used and the records were obtained with the animals .stand- 
ing tiuietly. 

Animal I was an xl^u'shire female which since four months of age had 
been receiving carotene from alfalfa leaf meal at Ji rate of 60 micrograms of 
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caiotene per kilo of body weight. At this intake of carotene the cerebro- 
spinal fluid pressure increased to about doulile the normal value and some 
slight swelling of the nerve head was observed. Otherwise the animal ap- 
peared normal. At 498 days of age the alfalfa meal was removed from the 
ration and at 511 days a convulsive seizure was noted. Convulsions were 
seen periodically during the succeeding period and could sometimes be 
brought on by excitement caused by such procedures as drawing blood 
samples. During the last two weeks this animal moved around very little 
and had some difficulty getting up. Diarrhea developed and a marked 

TABLE 1 


Terminal cerebrospinal fluid pressure values in vitamin A deficiency 


AGE 

PLASMA caro- 
tene 

CEREBROSPINAL 
FLUID PRESSURE 

AGE 

plasma caro- 
tene 

CEREBROSPINAL 
FLUID PRESSURE 

Ammal I 

Animal III 

days 

micrOQTaviB per 
ml. 

mm. of saline 

days 

micrograms per 
ml. 

7nm. of saline 

431 

1.0 

190 

330 

0.35 

125 

458 

1.0 

190 

378 

0.35 

120 

SOI 

0.7 

205 

398 

0.35 

140 

536 

0.2 

345 

428 

0.25 

170 

563 

0.12 

380 

566 

0.10 

360 

594 

0.01 

520 

583 

0.10 

580 

605 

0.01 

600 

604 

0.03 

400 

612 

0.02 

460 

640 

0.02 

310 

Animal II 

Animal IV 

726 

0.7 

no 

431 

0.81 

220 

755 

0.2 

125 

466 

0.95 

300 

825 

0.05 

280 

500 

0.87 

210 

831 

0.05 

470 

535 

0.19 

290 



563 

0.07 

420 


papilledema was present. At 620 da 3 '^s of age the animal was unable to rise 
and was sacrificed in order to save the tissue for pathological study. The 
principal results are shown in table 1 from v hich it v ill be noted that as 
the plasma carotene dropped, the cerebrospinal fluid pressure increased 
and reached a maximum of 600 mm. of saline. A week later the pressure 
dropped to 460 mm. 

Animal II was a Holstein male which had been receiving 120 micrograms 
of crystalline carotene dissolved in cottonseed oil per kilo of body weight. 
The carotene was removed from the i-ation at 726£ays of age after which 
incoordination and convulsions were apparent at 771 days. Papilledema 
was evident at 801 days, the animal was unable to rise at 831 days of age 













438 


L. A. 3M00RE AND J. F. SYKES 


and was sacrificed at that time. The principal results are shown in table 1. 
It will be noted here that the cerebrospinal fluid pressure reached a maxi- 
mum of 470 mm. after carotene was removed from the ration. Animal 
III was also a Holstein male which had been receiving 60 micrograms of 
carotene per kilo of body weight. The alfalfa was removed from the 
ration at 394 days of age. Papilledema and incoordination developed 
at 566 days and the animal died at 648 days. The principal results are 
shown in table 1. It will be noted that this animal like animal I showed a 
terminal drop in cerebrospinal fluid pressure after developing a maximum 
pressure of 580 mm. 

Animal I^^ was an Ayrshu-e male which had been receiving 45 micrograms 
of carotene per kilo of body weight and had developed an elevated pressure 
at this level of carotene intake. The alfalfa was taken out of the ration 
at 498 days of age after winch the animal showed marked papilledema and 
incoordmation at 563 days. It Avas necessary to sacrifice the animal at 
571 days of age. When carotene was withdrawn from the ration the 
pressure increased to 420 mm. 

It was possible to increase the high pressure of these animals still further 
by excitement such as slapping them on the back. This excitement often 
caused approximately a two-fold increase. In one instance, an increase to 
1060 mm. from a previous leA^el of 460 mm. was obsein^ed and in another a 
pressure of 560 mm. developed during excitement from a previous IcA^el 
of 290 mm. 

Discussion. The results show that when young bovine are placed on 
a low carotene ration the cerebrospinal fluid pressure may attain A’alues 
from 400 to 600 mm. of saline. This would be about 4 to 6 times the 
normal value. These values Avere obtained AA’ith animals at the terminal 
stage of Autamin A deficiency. In tA\'o cases there Avas a terminal drop 
in pressure from a previously higher IcA'el. U.sually the animals in this 
condition had A^eiy little appetite, .shoAved diarrhea and Avere more or le.ss 
in a moribund state so that the drop Avas not surprising. 

The increase in cerebrospinal fluid pre.ssure aa'hs ahvays accomjianied 
by a marked papilledema, incoordination and periods of .syncope. Ibc 
condit ion of SAOicopc often proceeded to a .state of commlsive seizure during 
Avhich rc.spiration cca.sed for .short periods of time. It A\‘a.s felt that the 
.syncope and couAuilsiA'c like .seizures were due to a cerebral anemia because 
of the increa.scd cerebrospinal fluid pressure. The fact that excitement 
often caused thc.se .seizures further indicates that this may bo true .since 
it has been shown that a marked increa.‘^e in pre.s.sure accompanies periods 
of disturbance. 

The pe.rtieular cause of the increased ccrebro-spinal fluid pre.s.sure in A'ita- 
inin A de'iiaency in the bovine ha.s not been found. P.athological .study of 
the choroidal ])lexus and arachnoid A'illi, colloidal osmotic pre.s.sui'e measure- 
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meiits of blood plasma and i-arioiis blood and urine analysis have not shoivn 
any abnormality wliicli could be related to the raised pressure. In this 
connection, horvever, Wolbacliand Bessey (1940) have reported a relative 
o\'ergro\vth of the central nervous S3^stem in \-itamin A deficiency in rats. 
They report extensive and striking herniations of the nerve roots into 
the interirertebral foramina, herniations into the bodies of the vertebrae, 
an increase in size of the contents of the cranium as evidenced b^^ a, the 
presence of herniations of tlic cerebrum, cerebellum and posterior colliculus; 
b, distortion of the brain; c, changes in the contours of the fossae of the floor 
of the skull. If there is a relative overgrowth of the central nervous sj’-stem 
in the bovine such as reported bj'- Wolbach and Bessey in rats it could 
easily account for the increased cerebrospinal fluid pressure reported here. 
E\''idence of bony changes in the cranial cavity in vitamin A deficiencj'- 
in calves has alreadj’’ been reported bj^ Moore, Huffman and Duncan (1935) 
and Moore (1939) in which a blindness was produced by a stenosis of the 
bony optic canal through which the optic nerve passes. In the previous 
paper it was reasoned that the bonj’- malformations in calves were possibly 
due to the increased cerebrospinal fluid pressure. 

Wolbach and Bessey (1940) have expressed belief that the relative over- 
growth of the central nervous system is a growth phenomenon. However, 
Moore (1941) has shown that papilledema due to vitamin A deficiency nill 
develop in mature cows which might indicate that the increase in the 
volume of the central nervous system was not entirely confined to the 
growth period. De Schweinitz and De Long (1934) have presented evi- 
dence that a perivascular edema of the brain tissue accompanies 
papilledema and blindness in calves which may indicate that a similar 
increase in volume of the cranial contents is the cause of the raised pres- 
sures observed in vitamin A deficiency. It seems likely that the increased 
pressure is due to an increased A'olume of the ci’anial contents caused either 
by a relative overgrowth as indicated by Bessej’’ and Wolbach or to an 
actual increase in the volume of the cranial contents. 

SUMMARY 

1. Terminal cerebrospinal fluid pressure values of 400 to 600 mm. of 
saline were recorded in young bovine fed a ^ itamin A deficient lation. 

2. The possible cause of the increased pressure is discussed. 
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The work to be reported here was undertaken to study the effects of 
■^’^arious frequencies of stimulation of the cliorda t 3 Tnpani upon the secretory 
response of the submaxillary gland, and to investigate some of the factors 
in the functioning of the gland. 

Experimental. Cats anesthetised with Dial were used in all experiments. 
The submaxillaiy duct was cannulated with a capillar^’- glass tube, and 
salivary flow was registered by a drop counter similar to that of Gesell 
(1929). The chorda tympani was dissected out in the neck and stimulated 
through platinum electrodes bj’’ a thi-^ratron stimulator. Stimulation with 
pilocarpine was achieved either by intermittent injection into a femoral 
vein or by continuous injection into the isolated arterial supplj’' of the 
submaxillaiy gland. Blood flows were obtained hj isolating the return 
from the stimulated gland and registering the venous flow vith another 
drop counter, the blood of the animal having been rendered non-coagulable 
by intravenous injection of “Liquoid” (Hoffman-LaRoche). Potassium 
was determined by the method used by Fenn et al. (1938). 

The effects of various frequencies of stimulation of the chorda tympani 
upon the secretory response of the submaxillarj’- gland are shown in figure 
1. This figure presents the response of a single submaxillaiy gland during 
each minute of the first five minutes of stimulation at various frequencies 
but with constant strength of stimulus. The curves dra^vn here are 
typical of those obtained in five such experiments. These graphs show 
that the salivarj’’ secretion during the first minute of stimulation was 
practically constant for a fairly wide range of frequencies. However, at a 
frequency of 60 per sec. the initial secretion was small. The optimal rate 
of stimulation appeared to be about 9 per sec. At this frequenej^ the 
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initial high secretor}^ output was best maintained. Essentiality the same 
conclusions can be reached from a consideration of figures 2 and 3, although 
there the picture is somewhat complicated by the fact that each curve 
represents a separate animal. 

At first these findings seem to conflict vnih those of Rosenblueth (1932), 
who reported that the optimal frequenc}'’ for stimulation of the chorda 
tympani was 36 shocks per sec. Rosenblueth’s experiments lasted for 



Fig. 1. Responses of a single submaxillnry gland during each minute of tlio first 
five minute.s of clcctric.il stimulation of the chorda at various froqucneics b\it with 
constant strength of stimulus. 


only 30 .seconds; there is evidence in hi.s pajter that if .stimulation had been 
])rolonge<l, a lower value for t he optimal frequency would liavc been ob- 
tained. By reference to figure 7 of Ro.senbIucth’s paper it can l)o .seen 
tiuit wlule mxiuencie.s of .stimulation of around 25 j)(!r .see. produced 
greater initial rate.- of .‘•ecretion than did tho,se of around 9 per .‘•ec., the 
})rimary rate wa.s l-ictter maintained at the Iow(;r fretpiency even for the 
Imlf-minute duration of those experiments. Frequencie.s of .slimulntion 
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below about 9 per sec. produced well-maintained rates of secretion but 
these rates were below those produced by the 9 per sec. frequenc 3 ^ There- 
101 e it seems likely that there is no real disagreement between Rosenblueth's 
work and the present experiments. 

Figure 2 presents the results of nine experiments in which electrical 
stimulation of the chorda t 5 ’'mpani at various frequencies was continued 
foi about three hours, the strength of stimulus in anj’’ one experiment being 
constant throughout. The fact that each curve represents a different 



Fig. 2, V ariations with time of the total amount of saliva produced by submaxil- 
lary glands stimulated for long periods at various frequencies. 

animal probably explains in part the different amounts of total secretion 
obtained in the various experiments. However, the shape of the curves is 
of more intei'est at present than their magnitude. 

It vdll be seen that some of the graphs of figure 2 have a vertical line 
drawn on them. This line indicates what seems to be a fairly sudden 
increase in the rate of secretion, occui'ring between the 123rd and 131st 
minute after commencement of stimulation at frequencies between 28.6 
and 39.0 per sec. In the experiment udth stimulation at 60.0 per sec. this 
sudden increased rate of salivation appeared at the 94th minute. The 
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experiments at frequencies below 28.6 shocks per sec. showed no sign of 
such an increase, even though one of the experiments at a stimulation rate 
of 22.0 per sec. Avas prolonged to the 218th minute after commencement of 
stimulation. 

The sigmoidal first portions of the curves of figure 2 suggest that careful 
analysis of this section of these graphs Avould reveal a rapid, a slow and 
again a rapid rate of sahvary production. To test this supposition, the 
rates of secretion during each of the first twenty minutes for some of the 
experiments have been plotted in figure 3. Here it appears that in every 
case there was an initial period of a relativel}'^ high rate of secretion, folIoAved 
by a falling off. In the experiments at frequencies of 39.0 or less shocks 
per sec. there AA^as a secondary increase in rate at times A’-aiying from the 
sixth to the twelfth minute of stimulation. During this period the rate of 
secretion might increase to as much as 40 per cent of the rate during the 
first minute. Then the speed of secretion decreased again and leveled off 
into the continuous and uniform output making up the major portion of 
the curves of figure 2. 

These changes in rate of secretion shoAv a certain similarity to the changes 
of tension of muscles during long-continued stimulation (Rosenblueth and 
Morison, 1937) (Rosenblueth and Luco, 1939). In particular, the late 
increase in rate of saliA’^a production shoAA-s similarity to Rosenblueth’s 
“fifth stage'’ in muscle by beginning earlier with higher frequencies of 
stimulation. 

B}' referiing again to figure 3 it aaIU be seen that the experiment AAdth 
stimulation at a frequenc}' of 60 shocks per sec. had onl}^ fleetingty a rela- 
th'ety high rate of secretion, saliA’^aiy production falling to a uniform Ioaa' 
leA^el AA'ithiii tAA’o minutes of commencement of stimulation. By folloAA'ing 
the interpretation of a similar situation in muscle by Rosenblueth and 
Luco (1939), it could be said that there Avas absence of stage tAvo Avith 
merging of stages one and three. This latter combined jihase A\'as com- 
pleted in the first minute or so, and stage four then began and lasted until 
the beginning of stage fiA'c at the 94th minute. 

Another series of e.xporiments was undertaken to study simultaneous 
A-ariations in blood and saliA'arA' floAA’S Avith both chorda and jnlocarpine 
stimulations. The submaxillaiy glands of seven animals Averc stimulated 
by electrical excitation of the chorda tympani, at frequencies ranging from 
7.9 to 31.0 .shocks per sec.; there AA-erc five animals Avith pilocarpine as 
stimulant of the gland. 

Table 1 ijrcsents the aA'eraged data from these exi)erimcnts together Avith 
other similar averagas collected from the literature. It will he noted that 
the figure-s for resting blood fioAv in the cats are markedly lower than those 
quoted for dogs. This difference can be A'ciy largely remoA-ed ly calcu- 
lating the figures on the basis of the weight of the submaxillary gland. 
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When this is done, it is found that the cat had an average resting blood flow 
thi'ough its submaxillary gland of 0.20 ml. per min. per gram of tissue; 
from the data of Anochin, Goldberg and Samarina (1930) the dog had a 
resting blood flow of 0.25 ml. per min , per gram of tissue, and from the data 
of Tatibana (1936-38) it had one of 0.27 ml. per min. per gram of gland. 

The figures of table 1 show that with secretion by the submaxillary gland 
there was an increased blood flow through the gland whatever the stimu- 
lant. However, they also seem to show that the amount of saliva pro- 
duced vith a given blood flow was greater with pilocarpine stimulation 



Fig. 3. Variations with time of the rate of saliva production by submaxillar 3 ' 
glands stimulated at various frequencies. 

than vdth chorda excitation. The latter point vdll be discussed further 
in a subsequent portion of this paper. 

From the data of Barcroft, Barcroft and Kato and Tatibana in table 1, 
it can be calculated that the assumption that arterial blood flow equals 
venous blood flow plus sahva flow jdelds values for arterial flow low by only 
2.3 per cent of the correct figure. Therefore, in the experiments reported 
here arterial blood flows duiing activity were calculated by summing 
venous and saliva flows. Basal arterial flows were assumed to be the same 
as basal venous flows, an assumption supported by the data of Barcroft 
and Kato and of Tatibana. The superbasal arterial flow to the sub- 
maxillary gland during activity could now be calculated. 
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It was found that in 75 cases of electrical excitation of the chorda for 
periods of about ten minutes the ratio of superbasal blood flow to saliva 
flow had an average value of 12.6 mth a standard deviation of the mean of 
± 1.1; in 21 similar periods with pilocarpine as stimulant the value of the 
ratio was 4.5 ± 0.5. In figure 4 the superbasal arterial flow has been 
plotted on the abscissa against the saliva flow on the ordinate for experi- 
ments with electrical excitation of the chorda and with pilocarpine stimu- 
lation. On the same graph have been dravm straight hncs with slopes 

TABLE 1 


Blood and saliva flows of submaxillary glands with chorda and 'pilocarpine stimidations 


AUTHOR 

Ai^r- 

mau 

STIMUI/ANT 

RESTINa 

STIMULATED 

Arterial 

blood 

flow 


Arterial 

blood 

flow 


Saliva 

flow 




ml./min. 

ml./min. 

ml./min. 

ml./min. 

ml./min. 

Barcroft, 1900 

Dog 

Chorda 



13.2 

12.0 


Anrep and Cannan, 1922. . . 

Dog 

Chorda 


1.44 


3.88 

0.4 

Anochin, Goldberg and 








Samarina, 1930 

Dog 

Chorda 


1.16 


3.02 


McClanahan and Amber- 








son, 1935 

Cat 

Chorda 




3.82 

0.16 

Tatibana, 1936-38 

Dog 

Chorda 

1.81 

1.81 

14.26 

12.70 

0.95 

Present author 

Cat 

Chorda 


0.22* 


3.77f 


Barcroft and Kato, 1916 . . . 

Dog 

Pilo. 

1.40 

1.40 

4.66 

4.20 

0.36 

McClanahan and Amber- 








son, 1935 

Cat 

Pilo. 




1.43 

0.27 

Tatibana, 1936-38 

Dog 

Pilo. 

1.33 

1.33 

4.61 

3.93 

0.46 

Present author 

Cat 

Pilo. 


0.22t 


4.78§ 

i.nil 


* Average of 82 determinations, with standard deviation of the mean of ± 0.01. 
t Average of 18 determinations; ± 0.01. 

% Average of 75 determinations; ± 0.38. 

§ Average of 21 determinations ; ± 0.75. 

^ Average of 75 determinations; ± 0.04. 
li Average of 21 determinations; ± 0.18. 

calculated from the average valuc.s of the blood to saliva flow ratios. Tliese 
lines can be .seen to fit the two groups of points rcasonabh' well, indicating 
in both cases a direct proportionality between extra blood flow and saliva 
production a.s found by Gc.sell (1919) in the case of clioida stimulation. 
The fact that the line foi’ pilocarpine stimulation is higher than that for 
chorda excitation furnishes proof that pilocarpine stimulation of the 
subrnaxillary gland of cats ))roduced a greater saliva flow for a given Ijlood 
flow than did electrical stimulation. 

From table 1 it. is possible to calculate values of the ratio of mean .^uper- 
busal blood flow to mean .s.aliva flow for the dog in some cases. 'J'atibana’s 
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data jTeld values for this ratio of 13.1 mth chorda stimulation and of 7.1 
inth pilocarpine. The data of Anrep and Cannan yield a value of 7.1 for 
the blood to saliva flow ratio vith chorda stimulation, while from the 
figures of Barcroft and Kato comes a value of 9.1 with pilocarpine. Since 
^rep and Cannan say in their paper that they tried to keep blood flow low, 
it is possible that their data are not representative. It seems safe to 
conclude, therefore, that in both dog and cat pilocarpine stimulation of the 
submaxillar\' gland produced a greater secretion of salir^a for a given blood 
flow than did cliorda stimulation. 

The higher saliva production nith a given blood flow after pilocarpine 
injection may account in part for the effect of pilocarpine on the potassium 
content of the submaxillaiy gland (Wilis and Fenn, 1938). It was found 
that as the output of potassium in the saliva increased the submaxillaiy 


2 ' 



Fig. 4. Changes in the rate of saliva secretion with changes in the rate of super- 
basal arterial flow for submaxillary glands stimulated through the chorda or wnth 
pilocarpine. 

gland was able to keep its potassium content normal if the stimulation was 
effected through the chorda tympani, while nath pilocarpine stimulation 
the potassium concentration in the gland decreased rather markedly. 
Certainly such a difference between these two types of stimulation would 
be expected to show up if the potassium supply from the blood in the 
former case were potentiallj'^ several times greater than in the latter, as 
now seems evident. 

Langstroth, McRae and Stavraky (1938) have reported that, mth 
electrical stimulation, at rates of saliva flow below 0.17 ml. per min. the 
concentration of potassium in the saliva inci’eased with decreasing rate. 
At greater velocities of flow the potassium concentration was constant. 
A number of values for saliva potassium from the foregoing experiments 
are plotted against the rate of secretion in figuie 5, and will be seen to 
conform roughly to the curve of Langstroth, M^cRae and Staviaky. Hov- 
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ever, it seems that the point of inflection comes at about 0.03 ml. per min. 
rather than at 0.17, The data of the other authors plotted on the same 
graph (as solid squares) seem to fit this curve almost as well as they do that 
in the original paper. The saliva secreted after pilocarpine stimulation 
apparently followed the same rule as that produced b}”- chorda stimulation, 
so far as can be judged from the few data available. From this graph it 
can be seen also that at very low rates of secretion there was an apparently 
greater output of potassium by the submaxillary gland than might have 
been expected from the rate of seci*etion. This might mean that at these 



Fig. 5. Changes in the potassium concentration in saliva with changes in the rate 
of saliva secretion with electrical and pilocarpine stimulations of the submaxillary 
gland. 

low rates the saliva was made up of a greater jiroportion of intracellular 
water, vdth a high potassium content, than at higlier rates. Or it might 
mean that there was reabsorption of water without potassium in tiie 
ducts, as suggested by Langstroth, McRae and Stavraky (1938). It 
seems impossible at present to decide which of these two notions is the 
more correct one. 

StTMM.MIY 

The optima! frequency for electrical stimulation of the submaxillaiy 
glands of cats through tlie chorda tj'inpani was about 9 per sec. Long-con- 
tinued stimulation of the gland gave a series of changes in rate of secretion 
analogous to the changes in tension of a muscle under .similar conditions. 
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Pilocarpine stimulation of the submaxillary gland produced a greater 
saliva flow for a given blood flow than did chorda stimulation. This is 
believed to explain in part the exliaustion of the potassium content of the 
gland during secretion after pilocarpine administration. 

The potassium concentration of the saliva was found to increase mark- 
edly at rates of secretion below 0.03 ml. per min. This could be due either 
to reabsorption of water from the ducts or to a greater proportion of intra- 
cellular water in the saliva. 

Achiowledgmeni. The thanks of the author are due to Drs. W. 0. Penn 
and E. F. Adolph for kindlj'^ encouragement and advice during the composi- 
tion of this paper, and to Drs. W. B. Cannon and A, Rosenblueth, of the 
Department of Ph3’’siology of Hai-vard Medical School, for aid in the 
interpretation of the records of the experiments vath long-continued stimu- 
lation of the chorda tjonpani. 
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The amount and nature of the work done in ventilating the lungs has 
not been studied extensively. In general, interest has been centered upon 
the elasticity of the lungs or the state of constriction of the bronchi and 
bronchioles. In some instances intrapleural pressures have been measured 
but ordinaiily not simultaneously with the volume changes during respira- 
tion. Wirz (1), however, has published results of a few simultaneous 
recordings of pressure and volume changes and has estimated the work 
involved in lung ventilation in the intact animal breathing air. His at- 
tention was diverted to the study of lung elasticity and Neergaard and 
Wirz (2, 3) described simultaneous measurements of intrapleural pressure 
and respired air velocity. They attempted to estimate lung elasticity by 
measuring intrapleural pressures at zero velocities of air movement at the 
ends of inspiration and expiration respectively. This difference was found 
later by Paine (5) to give sometimes negative and sometimes positive 
values for the “elastic index” of the lungs. Although tlois result may be 
due in part to inadequacy of methods used for recording pressure and 
velocity simultaneously bj’- all of the above-mentioned workers it might 
also be real and be due to hysteresis effects in patholo^cal lungs. Christie 
and IMcIntosh (4) also studied intrapleural pressures and total respiratory 
volumes but did not estimate work. They were primarily concerned with 
measures of elasticity of the human lung, as was Paine (5), who compared 
the reliability of the methods of Neergaard and Wirz with that of Christie 
and iMcIntosh and found the latter to differentiate normal and pathological 
lungs more satisfactorily. Paine published records of stimultaneous intra- 
pleural pressure and respired air velocity changes in respiration in normal 
and pathological subjects, to which reference will be made later. 

Baj'liss and Robertson (6) reattacked this general problem and developed 
a method for measurement of tlie work of artificially ventilating the lungs 
of experimental animals. We have employed a modification of their 
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method in this study which was undertaken primarily to ascertain the 
mechanism of action of helium mixtures in altering the work of breathing. 

Barach (7) in 1934 introduced the use of a mixture of 80 per cent helium 
and 20 per cent oxygen in the treatment of obstructed breathing. Since 
then a number of papers have been published which discuss helium-oxygen 
therapy (8). The advantages of such mixtures in cases of tracheal or 
laryngeal obstruction are reported to be immediate and dramatic. Pro- 
longed use of helium mixtures is also reported to relieve bronchial asthma, 
although here the action is not so rapid. It might have been supposed 
that the greater ease of movement of helium mixtures over nitrogen mix- 
tures would be due to a lower viscosity. However, the ^dscosity of helium 
is actually about 10 per cent greater than that of nitrogen (see table 1). 
Another explanation has been given by Barach (7) who says, “since work 
is in general proportional to the density, the pressure required to move 

TABLE 1 


Gas constants calculated for 37° from data in the handbook of chemistry and physics 



N POISES 

N 

RELA- 
TIVE 
TO AIR 

d 

d 

RELA- 
TIVE 
TO AIR 

N/d 

N/d 

RELA- 
TIVE 
TO AIR 

MEAN FREE 
PATH 

itir 

189 X 10-« 

1.00 

grams/cmj 

114 X 10-' 

1.000 

1.66 X 10-' 

1.00 

cm. 

Ns 

187 

0.99 

111 

0.975 

1.68 

1.01 

8.2 X 10-s 

Os 

214 

1.13 

126 

1.105 

1.70 

1.02 

8.8 

Hs 

100 

0.53 

7.9 

0,0693 

12.65 

7.61 

15.4 

He 

20 s 

1.10 

15.7 

0.138 

13.24 

7.97 

33.1 

80He-20 Os.. 

210 

1.11 

37.8 

0.332 

5.56 

3.35 



helium-oxygen mixtures in and out of the lung, should be decidedly less 
than nitrogen-oxygen mixtures.” This statement is not adequate as a 
generalization since it ignores viscance. He also pointed out (9) that 
passage of air into noimal lungs is practically effortless, and that substitu- 
tion of helium for nitrogen in gas mixtures produced no change in intra- 
tracheal or intrapleural pressures in normal breatliing. He showed, how- 
ever, that when there is an obstruction in any part of the air Avay, increased 
gradients become necessary to move air past the obstruction. In 1936 
and 1937 (10, 11) he demonstrated a reduction in pressure gradients under 
certain conditions when a helium-oxygen mixture was substituted for air. 

It is possible that the rate of diffusion of CO 2 , which is faster in helium- 
oxygen than in air, might be a contributoiy factor in the therapeutic value 
of helium, since a smaller tidal volume would be required to carry off the 
CO 2 if its rate of diffusion in the alveolar ducts were a limiting factor. At- 
tention has also been drawn to the fact that diffusion of a gas is inversely 
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proportional to the square root of the density (7, 8). However, so far as 
we can ascertain, little or no attention has been paid to the conditions of 
gas movement in the lungs with regard to whether the movement is by 
Poiseuille flow, diffusion, or turbulent flow. Such information is essential 
before one can determine the mechanism by which hehum mixtures facili- 
tate air movement under specific circumstances. 

Methods. Dogs, ranging in weight from 12 to 16 kgm., were anesthe- 
tized with sufficient nembutal to produce medium surgical anesthesia. 
The animal was placed on its back, the trachea cannulated and the tracheal 
cannula connected to a respiration prnnp. Where expeiiments were done 
with a closed thorax, curare (Merck) in 0.9 per cent NaCl was injected 
until the animal showed no spontaneous breathing movements when the 
pmnp was stopped for 30 seconds. The chest was opened by means of a 
mid-line incision taking care to produce as little hemorrhage as possible. 
The external mammary arteries were ligated and cut, and the chest walls 
retracted. 

The respiration pump was one wliich has been used in closed circuit 
oxygen consmnption measurements on heart lung preparations. The 
piston has a bore of 6.35 cm., a maximum stroke of 8.56 cm. operated by a 
16.80 cm. piston rod on an adjustable eccentric. The maximum stroke 
was 269 cm®. The pump was ffiiven by a J H.P. electric motor through 
an adjustable friction wheel and reducing gears so that the duration of 
the stroke could be varied between 3 and 12 seconds. The pump was 
arranged to close an electrical circuit actuating an electromagnet causing 
a spot of light to be reflected onto the camera precisely at the bottom of 
each stroke. (Fig. 1 shows diagrammatically the connections used.) Be- 
tween measurements the pump was arranged to work tlmough suitable 
valves to maintain respiration. 

^A^len measurements were being made, both valves were by-passed by 
removing hemostats. Half a stroke later the intake tube was clamped Mth 
another hemostat close to the pump and the exliaust tube was clamped. 
The two last mentioned hemostats were applied as nearly synchronously 
as possible at the top of the stroke corresponding to maximum expiration. 
A T-Uibe between the constriction shunt and the pump led to the recording 
manometer. 'UTien a constriction was used, it was placed in parallel with 
the tubing between the manometer lead and the exhaust T-tube so that 
all the air moved could be shunted through the constriction by clamj)ing 
the main line. All rubber and glass tubing used, except for the manometer 
connection and the constriction, was 1.5 cm. in diameter. All joints were 
sealed with glycerine. 

A glass spoon manometer (12) about 3 era. in diameter was arranged to 
refiect the image of straight filament onto a moving })apcr camera. A timer 
was arranged to mark tenths of a second by illuminating the camera 




Fig. 1. Diagram of the respiration apparatus. Points where hemostats were 
applied are marked X. 

Fig. 2. Diagram of the method used to construct pressure volume curves from 
pressure time records and the geometrical constants of the pump. 

Fig. 3. Pressure volume diagram for a theoretical elastic system without viscance. 

Fig. 4. Pressure volume diagram for a theoretical viscous system without 
elastance. 

Fig. 5, Pressure volume diagram for air in a dog lung. The area of the closed 
loop represents viscous work and the shaded area represents the elastic work of 
inspiration. 

Fig. 6. Viscous and turbulent flow. These curves were calculated from the 
equations: 


12S vLQ ^ Gik dQ^L 

n ‘ n? D- 


P, is the pressure in streamline flow, Pt is the pressure in turbulent flow, n is the 
viscosity, d the density, £> the diameter of the tube, L its length, and Q the rate of 
flow of gas in centimeters® per sec, D was taken as 1 cm. and P as 10 cm. k was given 
the mean value O.OOS. P is given in Ajmes and has been converted to centimeters of 
water by the factor 0.00102. 
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through a. slotted disk, rotated by a synchronous motor. The manometers 
were calibrated by means of a water-filled U-tube and were linear with an 
error of less than 5 per cent over the useful range. A typical manometer 
had a natural frequency of 68 cycles per second. Manometers of this type 
are superior to rubber tambours since they have a linear response to pres- 
sure and can be made vdth an extremely small inertia. 

Figure 2 shows diagrammatically the method of analyzing a record. The 
space between two marks, indicating full inspiration, Avas diAuded into 12 
(or 24) interAmls of equal duration corresponding to 30° (or 15°) rotation 
of the pump. The pressures corresponding to each of these times were 
measured making use of a graph of pressure against deflection for com’^er- 
sion. The Amlume displaced by the pump at each time interA'^al AA'as de- 
teimined graphically as shoAAm in figure 2 and was subsequently checked 
by trigonometric calculation. The relation of Amlume to time AA'as not 
sinusoidal because of the construction of the pump. It deviated 7 per 
cent from a true sine AA^ave at mid-stroke for the largest Amlume. The 
pressure was then plotted against volume to produce a loop AA'liich AA^as 
closed if the pressures at tAA^o consecuth'-e maximal inspirations Avere identi- 
cal. Areas AA'ere obtained from the records by means of a planimeter. In 
case the loop Avas not closed, the area was corrected by the area of a triangle 
having as its base the difference of the final pressures, and as its altitude 
the total volume of the pump. This is practically equiA’^alent to adding a 
linearly changing value to all points on the curve so that the ends coincide. 
In no case did aa’c plot a cuiwe which failed to close by more than 0.5 cm. 
H 2 O and the correction neA’^er exceeded 5 per cent of the total area. Figure 
8 is a photograph of four parts of a record AA'^hich haA'^e been plotted as 
pressure A'olume curA^es in figure 7. 

Results and discussion, a. Theoretical consider alions. Bayliss and 
and Robertson (6) introduced the terms viscance and elastance. These 
quantities differ from Auscosity and elasticity in that they are properties of 
a system and not properties of a substance. For example, thcAuscosity of 
AA'ater at a given temperature is a constant but the auscous resistance to a 
unit A'elocity of floAA* of AA-ater, or the Auscance, depends on the dimensions 
of the tube through Avhich the Avatcr is floAving. Similarly the elasticity of 
a gas obeys Bojde’s laAA' but the pressure produced in a gas for unit change 
of A'olume, or the cla.stance, is a function of the volume of the gas. 

The AA'ork of A’entilating the lungs is cA'entually all dissipated as heat 
produced by the Auscance of the air and the tissues of the body. HoAVCA'er, 
during inspiration some of the AA'ork is done against elastic iovcos. 'Ihc 
potential cnorgj* stored by these elastic forces, including AA’ork done in 
lifting parts of the bodj’’ against gravity, is partly used during expiration 
to moA'e the air and tissues against their A'iscous resistance. With actiA’c 
e.xpinition, additional AA'ork is supplied by the rcspiratoiy muscles, AA’her<?ns, 
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if expiration is restrained, some of tlie energy stored will be retmmed to the 
lespiratoiy muscles. Energ}’’ retinmed to a muscle is converted into heat 
and wasted and in addition the muscle must do extra work (13). Work 
can also be stored during the early phases of inspiration and expiration as 
kinetic energ}- of motion of the air and tissues; tins energy is liberated 
during the later stages and has the effect of reducing the maximal elastic 
pressure in the lung. The magnitude of this inertia effect in the air is. 
however, veiy small because of the small masses involved and amounts to 
a maximum pressure of less than 0.5 mm, of water at the maximum fre- 
quencies and pump volumes used in this work. In any case, since the 
energy used to impart momentum to the gas and lung tissues at the begin- 
ning of the stroke is all regained at the end of the stroke, it is not wasted 
and requires no net energy expenditure by the driving mechanism. 

The pleural cavit}--, when the chest is relaxed, is normally at a negative 
pressure (about 5 cm. HoO below atmospheric). During inspiration this 
negati^’•e pressure increases, and at its peak may be increased by 5 to 25 
cm. HsO (14). We ha^’e assumed that it will make no appreciable differ- 
ence whether inflation is produced by lowering the pleural pressure or 
raising the tracheal pressure; if the differences in pressure are the same, 
the effects would be the same so long as we can consider the air to be in- 
compressible. Since 25 cm. of water is about 2.5 per cent of an atmosphere, 
the compression or expansion will be only 2.5 per cent and can probably 
be neglected for this work. We recognize that time is involved in move- 
ment of gas during pressure equalization and that for this reason a slight 
difference betivcen positive tracheal pressure and negative intrapleural 
pressure inspiration is to be expected.^ 

If the trachea is connected to a simple valveless pump and pressure 
in the trachea is recorded, it is possible to evaluate the viscous work of 
ventilation as well as the work stored in elastic tissues during inspiration. 
To do this the pressure is plotted on a vertical axis and the volume of air 
displaced by the pump on a horizontal axis for one complete respiratoiy 
cycle. To understand the meaning of curves of this sort, it is useful to 
consider some elementary models. 

If the lung be replaced by a perfectly elastic container, the pressure will 
be deteimined only by the volume of the pump and the inspiratory and 
expiratory curves will be identical as in figure 3. In the ideal case where 
Hookers law is obeyed this curve will be a straight line. A practical model 
of this case is a large rigid bottle where the elasticity is furnished by the 
gas itself. 

* The differences between positive .and negative lung pressures become extremely 
significant, of course, when their effects on the blood supply of the entire thorax are 
considered (15). 
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If the lung is replaced by a non-elastic accordion or bellows connected 
to the pump through a constricted tube, the pressures wdll depend on the 
velocity of air in the system. This is zero at the minimum volume, in- 
creases to a maximum during inspiration, and returns to zero again at 
maximum volume. During expiration the velocity follows a similar course 
returning to zero at the end of the stroke. The pressure wdll vary as shown 
in figure 4. The area of the loop measures the integral of PdV, which is 
work, and is expressed in gram centimeters if the pressm'es are measured in 
grams per square centimeter and the volume in cubic centimeters (1 gram 
centimeter = 0.0000234 gram calories). 

The lung can be compared to an elastic accordion containing some vis- 
cous resistance. Figure 5 shows a cm-ve obtained from a normal dog lung. 
It can, as a fii’st approximation, be considered as the sum of the curves 
3 and 4. The area of the loop again represents the work done against 
viscous resistance in the lung. In order to determine how much work 
has been stored elastically during inspiration, we may assume that the 
■vdscance at any volume depends only on the velocity of flow and not on its 
direction. Then the theoretical cuive of elasticity wall be the median line 
of the loop and is shown dotted in figure 5. The work stored elastically 
during inspiration is then the area between this curve and the axis of zero 
pressure wdiich is indicated by shading. It is also equal to the entire area 
above the axis in figure 5 minus half the area of the loop. Zero pressure 
must be taken as the pressure of minimum volume of the lung for the 
purposes of these calculations. Although the assumption of symmetrical 
distribution of viscous pressures does not hold in all cases, as mil be shown, 
the errors are probably not veiy great wdien the wmrk of the whole cycle 
is considered. 

The viscous work of ventilating the lungs, w’hich may be defined as the 
dissipative w'ork of ventilation, can be considered to consist of twm parts. 
One part is contributed by the air and represents the air viscance in the 
ainvays of the lung. The other part is contributed by the tissues and 
contains the %dscous resistance to movement of the tissues as w'ell as any 
components possibly introduced by muscular action wdthin the lung. 

b. Modes of gas movement. Gaseous movement can occur in three ways, 
by diffusion, by streamline or Poiseuille flow, and by turbulent flow' (16, 
17). the orifice through which gases are flowing has a diameter 

comparable to or .smaller than the mean free path of the gas, diffusion will 
be the dominant form of gas movement. The rate of diffusion of a gas is 
proportional to the pressure and inversely to the square root of tlic molecular 
weight. In air or nitrogen the mean free path of the molecules is of the 
order of 0.0001 mm., while helium at atmospheric pressure has a mean 
free path of 0.003 mm. (table 1). The diameter of the .smallest tubes oc- 
curring in the lung is 0.1 ram. (19) .so that it seems unlikely that diffusion 
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is directly in\ olved in actual mass movement of air in the lung, as suggested 
by Baiach (/), 'lo test tliis hypothesis further we compared the rate of 
escape of a fixed volume of air and helium at the same pressures through 
\ arious resistances. The gas was contained in a gas pipette over saturated 
NaCl. The resistance was attached to the top of the bulb and flow was 
produced by raising the leveling bulb producing a maximum pressure of 
30 cm. of water. A\hen a glass capillarj’’ about 0.1 mm. bore was used, the 
time of escape of air was about 10 per cent less than the time for helium. 
This is what would be expected, since air has a slightly lower stream-line 
viscosity than helium (see table 1). Since a straight capillary is not a 
very satisfactory model for the lung, we also tried a long glass tube, 5 mm. 
in inside diameter, packed with NaCl crystals which varied from 0.10 to 
0.15 mm. on a side. This provided a number of contorted passages less 
than 0.1 nun. in diameter which is, according to Miller (19), smaller than 
the smallest bronchioles in the lung. This model showed indistinguishable 
rates of escape of air and helium. It is possible that there was some dif- 
fusion in this model, but since the rate of diffusion of hehum is 2.7 times 
the mean rate of diffusion of air, there can not have been more than 5 
per cent of the movement by diffusion. It can be concluded that diffusion 
does not contribute materially to the mass movements of air in such sys- 
tems. As a further check a sintered glass filter having pores of the order 
of 0.03 mm. was used. In this case helium escaped 1.43 times as fast as 
air. There was still some indication of Poiseuille flow since this ratio is 
smaller than ^vould be expected if diffusion were the only form of gas 
movement. 

Streamline flow of gas obeys Poiseuille’s law. The pressure is propor- 
tional to the rate of flow and the ^’^scosity of the gas. The only gases Avith 
viscosities sufficiently different from air to be useful in studying streamline 
flow arc the inflammable gases, hydrogen, methane, and ethylene which 
have lower viscosities than air, or the very rare gases, neon and loypton, 
with lugher viscosities. Hydrogen is probably the best choice and was 
used by Bayliss and Robertson (6) in a mixture with 20 per cent oxygen. 
This mi.xture is liighly explosive and we have employed it in only a few 
experiments discussed later. 

Turbulent flow of fluids obeys a different law from either diffusion or 
streamline flow. The pressure necessary to produce turbulent flow vaiies 
appro.ximately as the square of the velocity of fluid moved, and as the 
density of the fluid (16). There is a certain critical velocity of flow below 
which the flow is streamline and above which streamline flow is unstable 
and mil become turbulent if disturbed. This critical velocity depends 
upon the shape of the conducting system. For a given geometrical system, 
however, the critical velocity of flow is proportional to the viscosity divided 
by the density of the fluid. Although these laws have been developed for 
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incompressible fluids, they hold to a high degree of accuracy for gases as- 
well. Helium with its shghtly higher viscosity and much lower density 
will flow faster than air before its flow becomes turbulent. At velocities of 
flow where air is turbulent the pressure, necessary to maintain the flow of 
helium-oxygen mixture, null be less than the pressure to maintain tho 
same flow of air. Figure 6 shows the calculated pressures for 80 per cent ‘ 
He, 20 per cent O 2 , and for air in the same system. The %nscosity of the 
hehum-oxygen mixture is taken as 1.11 and the density 0.33, both relative 
to air. 

It vnll be seen that below the critical velocity and for a small distance 
above it, the pressure on the air is 10 per cent less than on the helium- 
oxygen mixtm’e. But above this point the air requires more pressure than 
the helium-oxygen mixture. The ratio of pressures necessaiy for equal 
flow increases until the hehum becomes turbulent. Above this velocity 
helium-oxygen mixtures require 0.33 of the pressure for an equal flow of air." 

Breath sounds which are caused by air in vibration indicate that the 
flow of air is turbulent, at least at the point of origin of the sounds. There- 
fore it is to be expected that noisy labored breatliing would be relieved by 
the use of helium-oxygen mixtures, provided that a large part of the effort 
of breathing is being expended against gas movement. The critical 
velocity of flow depends inversely on the diameter of the conducting tubes, 
other things being equal. Now the bronchioles of the lungs become pro- 
gressively smaller vith each division, yet their total cross sectional area 
increases (20). Gas flow must therefore be slower in the distal bronchioles. 
Both reduced velocity and smaller diameter of the conducting tubes will 
tend to eliminate turbulence in the distal tubules so long as the latter are 
not partially occluded, as by mucus. Sharp flexures in the conducting 
tubes will, of course, produce tm-bulence at lower velocities, but the air 
waj’-s of the lungs show very smooth junctures of a type wliich should 
discourage turbulence. Turbulence is therefore probably confined to the 
air passages in the head, the larynx, the trachea, and the larger bronchi. 
Holier (17) comes to the same conclusions from measurements on models. 
Figure 6 shows that the critical velocity of air flow in a 1 cm. tube is 130 
cc. per second, which is similar to the conditions existing in the secondary 
bi’onchi of a dog, or the tertiary bronchi of man. The pressure drop neces- 
sary' to maintain this flow in a tube 10 cm. long is 0.1 mm. of water. It 
would seem unlikely, therefore, that turbulence could contribute very'' 
much resistance to quiet breathing in noimal lungs. Also, these considera- 

- The above fiimplified discu.«sion of turbulence is derived from Franklin and 
Grantham (10). .\ctual critical velocities depend to some extent on the smoothness 
of the conducting tubes, and the value of k used in fifturc 0 is not a true constant. 
The qurditativc conclu-sions, however, .arc unaltered bj' a more exact treatment. 
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tions show that an obstruction in the proximal bronchi or the trachea is 
much more likely to produce resistance by turbulent flow alone, and, in 
fact, cases of Just this sort are said to receive the most immediate benefit 
from the use of hehum-oxygen mixtures. Schultz and Jordan (21) showed 
that, in the guinea pig, anaphylactic shock caused constriction in the 
secondary bronchi. Contractions Avhich occur at this level would be much 
more hkely to cause turbulence and abnormal breath sounds than contrac- 
tions of the terminal bronchioles. 

c.- Turbulence and the effects of helium. It is possible to determine whether 
turbulence plays any significant r 61 e in the work of ventilating the lung by 
substituting a mixture of 80 per cent helium— 20 per cent oxygen for air. 
We have done this experiment 21 times on 4 dogs with normal airways 
and have never found any significant difference of viscous work betAveen 
the two mixtures. It is usually impossible to detect any difference AA'hat- 
eA'-er in the curA’-es, provided that the filling of the pump AAuth air and Avith 
helium is done at the same pressures. 

However, when a constricted tube, designed to produce turbulence as 
shoAATi in figure 1, is placed in series with the trachea, the pressures ac- 
compan 3 dng ventilation of the lung are altered and the viscous work is in- 
creased. When a heUum-mixture is substituted for air this AA'ork is markedly 
decreased. This fact has been verified in numerous trials. Figure 7 
shows the results of a typical experiment upon the effects of air and helium 
through the same constriction, as well as a record vuthout the constriction 
Avhich shows identical work for air and helium. The original pressure 
tracings from Avhich these curves AA^ere drawn are shown in figure 8. The 
effect of substituting helium for nitrogen is apparent in the pressure tracings 
as Avell as in the pressure Amlume diagrams. However, the area of the 
loop of the pressure-volume diagram is a direct measure of the Avork done 
during the cycle and is therefore directly correlated AAuth the effort of breath- 
ing. It is possible to have large changes in the area of the pressure-volume 
diagram with only neghgible changes in the maximal and minimal pressures. 

These observations prove that air Auscance in obstructed larger airAA’'ays 
is diminished by substituting helium for nitrogen. Since helium, has a 
higher streamline resistance but a lower tmbulent resistance than nitrogen 
it is obAuous that the loAA^er work in moAung the helium mixture is due to 
its higher critical A'^elocity and lower turbulent viscosity. 

This effect is very large when constrictions are placed in the upper air- 
Avays. In order to test the effect of airAv^ay constriction at other points 
upon turbulence, pilocarpine, 1 mgm. per cent in physiological saline, was 
administered intraA'^enously to a dog after control studies of A’^entilation 
AA^ork had been made under standard conditions. An initial dose of 10 
mgm caused profound cardiac sloAAdng and injection was continued AA'ith 
a continuous injector at the rate of 0.5 mgm. per minute. Pressure- 
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volume curves taken before and after injection showed a 60 per cent in- 
crease in elastic work. Substitution of helium-oxygen for air after pilo- 



Fig. 7. Pressure volume diagram with and without trnciieal obstruction. The 
central loop marked with • and + represents air and helium oxygen with no ob- 
struction. The outer loop marked %vith • represents air with a constriction as 
shown in figxire 1. The middle loop marked with represents helium-oxygen 
through the same constriction. 

carpine left the clastic work unchanged but decreased the viscous work 
10 per cent (tabic 2). These re.sults confirm the obseivations of Bajiiss 
and BolK-rtson (G), wlio found small alteration in gas viscance by sub- 
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stituting hydrogen for nitrogen after pilocarpine administration. Both 
sets of observations indicate that increase in gas viscance is a small factor 
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cance to be below the limit of detection we can conclude that gas Auscance 
in normal lungs follows Poiseuille’s laAV and should vary linearly with 
velocity. Tissue viscance is a more complex function, but it is in part 
composed of simple fluid viscance. Other factors undoubtedly enter in 
and it seemed to us to be possible that the importance of those other fac- 
tors which are connected with structural plasticity might be evaluated by 
measuring the Avork of ventilating the lungs at Amrious speeds. 

A number of experiments AA'ere therefore done at sIoaa' and fast pump 
speeds. Three of these Aviiich seem to be typical and AAdiich Avere uncom- 
plicated by breathing moA^ements AA'ere measured and the results are listed 
in table 3. Wliile the results shoAv rather A\ade variations in different 
animals and under A'arious conditions, it is CAudent that the reduction in 
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Work of vcnlilalion in relation to velocity — Tidal volume 269 cc. 
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total A-i.‘'Cou.‘^ work is not proportional to the frequency of the pump. There 
must be some fraction of the A'iscous work of A’-entilation which is rcIatiA^ely 
independent of A'elocity. Tliis Avork can not lie in the gas nor in the aus- 
cance of ideal fluid in the lung ti.s.sue for the reasons outlined aboA'c. It 
may be deduced that tissue resistance related to structural plasticity 
accounts for a large fraction of the A'iscous AA-ork. We have calculated 
the magnitude of tins component of tissue resistance on the assump- 
tion that th(‘ Poiseuille A'iscous re.si.stance of gases and liquids in the 
lung is linearly proportional to frequency and is added to the plastic 
resistance. The results as shoAvn in columns 8 and 9 of table 3 indicate 
cle.Mrly that a eonsidf'rable fraction of the A'i.scance does not A'ary linearly 
uitn A'elocity. 'I here is. of eour.se, no o priori reason to sujtpose that the 
plastic rc.si>tat!ce will be* a consfant quantity or a constant fraction of the 
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total viscous resistance. Bayliss and Robertson (6) found essentially the 
same thing; a component of viscance which^was largely independent of 
frequency. They also report that the total tissue 'idscance at 18 e3>-c]es 
per minute accounted for about two-thirds of the total viscance. Our 
results confirm theirs to vdthin the accuracy of the determinations. 

d. Hysteresis effects and elasticity. We investigated the effect on the 
pressure-volume diagram of altering the residual volume of the lung by 
connecting a 100 cc. syringe to the line so that air or gas mixtures could 
be added or removed. Figm-e 9 shows the effect on the diagram when 
two successive additions of 100 cc. were made. The diagrams shown here 
were taken 3 to 6 seconds after injecting the air into the system, and each 
cycle required 2.8 seconds. The abscissal values for the second and third 
loops Avere taken as the respective pump volumes plus the amount injected. 
If the lungs behaved as a simple elastic system, the median lines of the 
thi-ee loops would all lie on the same line. Actually, the pressure produced 
by adding 100 cc. 6 seconds earlier is not as great as the average pressure 
when the pump has put 100 cc. into the lungs which required only 0.65 
second at the speed employed. The following experiment was perioimed 
to elucidate the phenomenon further. The pump was stopped and 100 
cc. of air was injected eveiy 5 seconds, the injection taking 0.6 second, 
until 500 cc. had been injected, then 100 cc. was removed every 5 seconds. 
Pressure was continuously recorded, and it was found that there Avas a rise 
of pressure during the injection, followed by a gradual fall, until the next 
injection Avas made. Figure 10 shows the result of one of these experiments, 
done on a living dog Avith the chest open. Practically all the drop in pres- 
sure at constant A^olume took place in one second. It Avill be seen tliat there 
is a hysteresis effect in that the pressure on deflation is less than the cor- 
responding pressure on inflation. This hysteresis effect has the same 
influence on the pressure-volume diagram as does Auscance Avhen the pump 
is moving continuously. However, in this experiment there Avas no gas 
movement duiing the equilibration process. A number of step inflation 
experiments Avere done on the lung of a dog in situ soon after death. No 
precautions AA^cre taken to keep the temperature above that of the room. 
The dying lung shows a much greater hysteresis effect than the living lung 
(fig. 11), and part of the decay of pressure continues after the first second. 

This effect could possibly be qualitatively explained by assuming that 
the elasticity of the lungs is in tAvo sets of chambers, separated by a high 
Adscance. Then if air is rapidly introduced into the first set of chambci’s, 
tliis would cause a high pressure Avhich Avould fall as the air floAvs into 
the second set. HoAvever, aaRch aa'c consider the size of the available 
chambers and tubes, the time required to reach equilibrium seems much 
too long. It is possible to rule out tliis hypothesis by substituting pure 
hydrogen for the air in the lung. Hydrogen Avdth its loAver viscosity and 
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much, higher critical velocity should decrease the time necessary for equilib- 
rium. Figure 12 shows the effect of step inflation of the same lung with 
hydrogen only 400 cc. was injected, and the resting volume must have 
been someAvbat larger since the cun^-e does not exactly coincide with figure 
11; but the difference is not significant. The fall in pressure immediately 
follmving the injection of hydrogen is in fact somewhat larger than for air. 



Fig. 9 . Pressure volume diagram before and following two separate additions of 
100 cc. of air. 

Fig. 10. Pressure v'oluine diagram for air in .a live lung with the chest open. The 
change in pressure at constant volume occurred during about 1 second after each 
change in volume. 

Fig. 11. Pressure volume diagram for air in a dead lung. The change in pressure 
during the first second is shown as a dotted line, during the remaining 3.5 seconds ns 
a .solid line. Changing the volume took 0.5 second and was done every 5 seconds. 

Fig. 12. Same .as 11 u.sing hydrogen. 

The; effect is not due to asphjrxia of the lung by hydrogen .since jnire ni- 
trogen wiis practically indistinguishable from air in its effect. We .suggest 
that the higher initial reaction of the lung to liydrogcn i.s a result of the 
fact that the liydrogen could be injected more quickly than air bccati.se of 
it.s lf)\ver vi.'-^cous and e.‘;pecially turbulent re.si.slaneo. 

'The Bisjion.se of the lung.s to a change in pressure of Ihe type described 
aho\T‘ i.''' ft liysteiv.^is effect. The hysteresis or .accommodation effect 
xnainfe'^ts iti-elf as a gradual change in rc.sidual air volume following a 
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maximal inspiration. Christie and iVXcIntosh (4) use such a change as ’an 
indication of '‘set” or plasticity which they claim occurs only in patho- 
logical and not in normal lungs, although it is a fairly common observa- 
tion follovdng exercise on a metabolism apparatus. In any case their 
methods would not detect small hysteresis effects such as we have measured. 
The much larger hysteresis effects n4iich we found in the lungs deprived 
of circulation might be considered as a form of pathological response. 
Hysteresis has been noted in the dead lung by Hirakawa (24). 

As would be expected, opening the chest reduces the elastic work of 
respiration. Table 4 and figure 13 show the changes in the several work 
fractions produced by opening the chest. The change in viscous work is 
variable but there is a consistent reduction in elastic work. The variation 

TABLE 4 


TForfc of ventilation with dosed and open chest — Tidal volume £69 cc. 
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in work of ventilation is due mainly to the use of constant ventilation 
volume nnth dogs of differing size. 

f. Elasticity and normal breathing. Pressure volume curves for normal 
breathing in the human may be calculated from the data of Neergaard 
and Wirz (2, 3) and Paine (5). To do this the curve of air velocity 
integrated by adding the ordinates at equal time intervals to obtain rela- 
tive volumes. Paine gives absolute volume changes so that the relative 
volumes can be calibrated. We have integrated all the curves in the papers 
referred to above and reproduce three of them here, figures 14, 15, 16. 
In this case intrapleural pressures are plotted in such a way that the curves 
have the opposite inclination from our other curves. They would have 
the same inclination if we had plotted the difference between oral pressure 
and plemnl pressure as a positive value. 

Figure 14 from Neergaard and Wirz is the only one of these curves which 
is similar in shape to our cmves vith pmnp respiration. Even so the 
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viscous work is a large fraction of the total work. Unfortunately there 
are no data in the original paper which Avill permit the calculation of either 
pressure or volume in absolute units. All of Paine’s diagrams are more 



Fig. 13. Pressure volume dingr.ams with tiie chest closed und open. 

Fig. 14. Pre.ssure volume diagram obtained from the curve of Ncorgaard and 
Wirz (3) p. Gl. Volume in the lung increases in arbitrary units to the right. Open 
circles indicate points at which the air velocity was zero. 

Fig. I.*!. Pressure volume diagram for a patient with normal lungs obtained from 
the data of Paine (5), figure 4. Open circles indic.atc points at which the air velocity 
w.is zero. 

Fig. 10. Pre.s.surc volume diagram for a patient with pulmonary cmj)hysemn. 
Obtained from the dnt.a of Paine (5), figure S. Open circlc.s indicate the points at 
v.-liicli .air velocity was zero. 

ru'.'irly reclAnguI.ar :ind llic ela.stic component is di/Ticult or impos.sihle to 
mofesun* with nccumey. His patients nil scorn to esert an {ippro.ximately 
coti-slant intnapleurnl pres.sure throughout inspirniion .'ind expiration. It 
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follows that the aii; velocity falls progressively as the elastic pressure in the 
lung approaches the intrapleural pressure since it is tliis difference in pres- 
sure that produces air flow. Figure 16 is a record of a patient with extensive 
emphysema and sho^vs the liigh positive pressures necessary to produce 
expiration. The points are spaced at equal intervals of time and show the 
prolonged expiration time. Although in this case the apparent elasticity 
is high it is anomalous in that it indicates an intrapleural pressure greater 
than atmospheric at the beginning of inspiration when the air is moving 
into the lungs. It is most probable that the emphysematous lung has a 
very large plastic viscance and little if any elasticity so that the patient 
must use special effort to produce expiration and can not rely on the elas- 
ticity of his lungs. If tliis is true then helium-oxygen mixtures could 
produce no reduction in the work of mo^^ng equal volumes of gas in em- 
physema. The larger mean free path of the molecules in helium mixtures 
might still produce favorable effects. 

CONCLUSIONS ■ • 

1. The time relations of pressure and volume changes produced during 
the ventilation of dog lungs by a valveless pump have been measured. 

2. Diagrams of these pressures against the volume displaced by the 
pump permit the separate evaluation of viscous and elastic resistance 
to ventilation. 

3. The viscous resistance of the normal lung is not changed when a 
helium-oxygen mixture is substituted for air. 

4. The viscous resistance produced by an obstruction which produces 
turbulence is reduced by the substitution of helium-oxygen for air. 

5. It is concluded that the mode of action of helium in reducing the work 
of ventilation is by a reduction of turbulence in the gas flow. 

6. The lung show's adaptation to changes in volume which accounts for 
a large part of the viscous pressure of ventilation. 

7. Pressure volume diagrams calculated from data in the literature are 
shown for human subjects breathing naturally. 
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Down the centuries one mark of man’s prowess has been great muscular 
strength, and any means of increasing it has been as much sought for as the 
philosopher’s stone. One of the most recent expedients is the addition of 
glycine to the diet (Chaikelis, 1941). If this does increase muscle strength, 
the mcrease would appear to be imphcit in the reported role of gelatin, 
which is one-quarter glycine, in increasing work capacity on the bicycle 
ergometer (Ray et ah, 1939). Possibly glycine, whether ingested as such 
or as a constituent amino acid in gelatin, has a creatinogenic action. If so, 
its reputed action in exercise might find an explanation, as well as its 
effect on muscular dystrophies (Boothbj’-, 1934). 

Most recent studies of the addition of gelatin to the diet have failed to 
reveal any fatigue-allaying action or any effects on work performance 
(Hellebrandt et al., 1940; Robinson and Harmon, 1941 ; Karpovich and Pest- 
recov, 1941; and unpubhshed data from this laboratory). However, the 
positive effects of glycine feeding on muscle strength reported by Chaikelis 
are so clear-cut that we decided to repeat one phase of his study. 

PnocEDUKE. Eight men on our laboratory staff squeezed a hand 
dynamometer as a test of strength of giip morning and evening for a 
period of eleven weeks. After the first week, when all were on their 
usual diet, six subjects began receiving six grams of glycine per day while 
the other two received placebos. No subject knew what he was receiving 
with the exception of S. M. H. During the tenth and eleventh weelm, one 
of the latter two (R. C. D.) was placed on 12 grams of glycine daily. At 
the beginning of the sixth week, glycine was withdrawn from two subjecis 
who were then placed on placebos for the remainder of the experiment. 
Each week a 24-hour urine was collected by the subjects. The uiines were 
analyzed for creatine, creatinine and nitrogen by methods previously 
described (Dill and Horvath, 1941). 

Results. The results of the strength measurements are the weekly 
means expressed as per cent of the control week. The data for the separate 
hands are shown for each subject (fig. 1). 

Control subject R. C. D. had increased in strength measurement 8 to 
10 per cent over the initial value by the ninth week. The ingestion of 12 
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grams of glycine dail}’- during the following two w^eelcs did not augment his 
performance. Control subject C. A. K. attained his highest level of 

GRIP STRENGTH AND GLYCINE 
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improvement in .six weeks and maintained it tliereafter. This was roughly 
8^per cent for the right hand and 14 per cent for the loft. 
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F. C. C. and D. 0. F., ivlio received glycine for four weeks, did not 
improve more than control subjects. After being placed on placebos when 
they were withdrawn, D. 0. F. exhibited during the six weeks following an 
actual increase, while F. C. C. remained at about the same level. 

The other experimental subjects did not show greater increases in grip 
strength than control subjects. B. L. C.'s maximum gains were 10 per 
cent for the right and 6 per cent for the left hand. The grip strength 
of S. M. H. increased to a maximum of only 3 per cent with the right hand 
and showed a decrease for the left; it never reached the control level 
throughout the glycine period. H. P. C. had a greater right hand grip, 

TABLE 1 


The mean 24-hour excretion of creatine and creatinine in grams in the urine of control 
subjects and subjects ingesting 6 grams of glycine per day 



■WEEKS 

1 

BOBBnO 

8 9 10 

Control' 

Placebos 

Control subjects (2) 

Creatine 

Creatinine 

■ 

■ 

0.05 

1.99 

wm 

0.25 

2.09 

0.26 

1.96 

0.41 

2.19 

0.12 

2.01 

0.06 

1.98 

— 


1 Control 

j Glycine j 

j Placebos 

After 

Experimental subjects 
(2)_ 

Creatine 

Creatinine 

0.21 

1.92 

1 

1 

1 

0.12 

2.21 

1 


0.22 

1.84 

1 


0.24 

2.44 

1 


Control 

Glycine 

After 

Experimental subjects 

(4) 

Creatine 

Creatinine 

0.08 

1.73 

0.06 

1.85 

1 

0.03 

1.83 

0.16 

1.74 

0.08 

1.88 

1 

0.22 

1.81 

1 

0.14 

1.88 

0.19 

1.85 

0.12 

2.03 

0.15 

1.86 


but a variable and usually sub-control left. He showed a spurt the second 
week after glycine was withdravm. N. M. R. showed an improvement of 
roughly 11 and 14 pei’ cent for separate hands. 

Glycine does not increase muscle strength nor modify the course of the 
training curve. The changes in performance can be asciibed to training 
and to increased skill in using the instrument. No subject reached the 
mean order of strength increment recorded by Chaikelis (22-23 per cent), 
even though oiir experiment had a training factor which strengthened the 
giip. Chaikelis reports no intermediate tests between the initial and final 
ones and records no activity which would have tended to train his subjects 
for this task. Ray’s statement that the work performance of his subjects 
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declined after being deprived of an adjuvant containing glycine was not 
confirmed. There was no drop in the performance of the present subjects 
during periods of 2 to 6 weeks following cessation of gtycine. 

The urinary excretion of creatine and creatinine in one period of 24 
hours was determined once each week, as shown in table 1. Creatinine 
excretion varied from week to week vdth possibly a slight upward trend. 
This was not in agreement with Chaikelis’ results, where creatinine con- 
centrations decreased roughl}'- 30 per cent. Chaikelis’ results on creatinine 
were obtained on urines drawn some time within six hours of a bout of 
exercise; the volumes were not measured. Such values indicate concen- 
trations, not amounts. Our results, on the other hand, are in line with 
our pre^dous finding that gelatin does not alter the creatinine excretion. 
The variation from day to da}'' in a single subject was generally greater 
than the mean differences observed. In agreement with previous evidence 
(Dill and Horvath, 1941; Horvath and Corwin, 1941), creatine was ex- 
creted. The alterations in its excretion during the period of the study 
cannot be ascribed to glycine per se, since the}’’ were equally great when 
glycine was not being administered. There was a slight increase in nitrogen 
excretion during the period of gl3’^cine ingestion. 

SUMMARY 

Eight subjects were tested for stx-ength of grip twice daily for elei^en 
weeks. Four subjects received six grams of glycine daily for eight weeks. 
Two received it for four weeks and then placebos. Two others seiwed as 
controls for nine weeks. One of these was then given twelve grams of 
glycine daily for two weeks. 

The improvement in grip strength in subjects receiving glycine was no 
greater than that of those who were given placebos. Neither creatinine 
nor creatine excretion showed changes attributable to the ingestion of 
glycine. 
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It has been pointed out by Wiggers (6) that ventricular fibrillation, 
evoked by application of a strong brief shock during the vulnerable period 
of late systole or of early diastole, starts with a series of 3 to 6 undulatory 
contractions which have many earmarks of premature beats. They are 
attended, in standard electrocardiogram leads, by large bizarre complexes 
w^hich recur at progressively decreasmg intervals and change their form in 
successive beats. Such complexes apparently contain a clue as to the 
mechanisms responsible for the induction of fibrillation. Unfortunately, 
however, they represent the resultant of so many ultimate electrical poten- 
tials that their further study has not seemed promising. 

In this investigation, an intimate study of electrograms recorded from 
various small spots on the ventricular surface was primarily undertaken 
with the hope of elucidating a, the mechanisms by Avhich strong, brief and 
localized shocks can cause a general disorganization of ventricular excitation 
necessary for the fibrillating state, and &, the reasons why this is only 
brought about, in normal hearts, by stimuli which fall during the vulnerable 
phase. It was soon found that this also required a restudy of single 
responses of the ventricles by stimuli applied at various moments of systole 
and diastole. 

Procedures. Dogs from 8 to 15 kilos in weight and of both se.xes were 
used as experimental animals. Anesthesia was induced by intravenous 
administration of sodium barbital, 200 mgm. per kilo, usually preceded by a 
subcutaneous injection of 1 or 2 cc. of 2 per cent morphine sulfate solution. 
Mild artificial respiration was instituted and the chest opened by a mid- 
line incision tlmough the sternum. The heart was suspended in a peri- 
cardial cradle and kept moist with drip Ringer’s fluid. Experiments were 
usually completed within four hours. The results reported are based on 
large numbers of observations on each of the 20 dogs employed. 

1 This work was made possible by a grant from the John and Mary R. Markle 
Foundation. 

2 Porter Fellow of the American Physiological Society. 
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Electrograms were picked up simultaneously by three paii-s of contiguous 
electrodes recently’- described by Harris (2), and were recorded by thi’ee 
large Hindle galvanometers, properly aligned to obviate parallax. Time 
lines, cutting all curves, were recorded by spokes of a wheel actuated bj’- a 
synclu’onous motor. The thi'ee pairs of contiguous electrodes were vari- 
ously aligned and spaced in relation to each other and to the bipolar stimu- 
lating electrodes in different tests on the same heart, so that numerous 
points were studied. In some tests, the leading electrodes were arranged 
around the stimulating electrode as arcs of cii’cles; at other times, linearly. 
An idea of the plans of arrangement in different tests is shown schematically 
in figure 1. One of these leads was usually placed as close to the stimulat- 
ing electrodes as feasible without risk of damage to the galvanometer 
string. One of the advantages in using the contiguous electrodes for 
leads was that, by proper rotation, shocks as great as 40 M.A. could be 




Fig. 1, Two diagrams indicating radial and linear placement of three pairs (f, 2 , S) 
of modified differential electrodes (contiguous electrodes) with respect to stimulating 
electrodes (S) in different experiments. 

applied at a distance of 6 to 7 mm. The stimulating electrodes were also 
shifted in tests, the usual points selected being the apex, the left or right 
side of the ventricular septum, the base and pulmonaiy conus of the right 
ventricle. 

In most of the observations the sinus node was clamped in order to slow 
the heart rate, and the heart was then driven by induction shocks applied 
to the right auricle. Every sixth beat, a brief D.C. shock 0.01-0.03 .second 
in duration and ranging in strength from 5 to 40 IM.A. was ajjplied pro- 
gressively earlier in a cycle through carefully plated Ag-AgCl electrodes, 
thus exploring the reactions at various moments of the whole c^tIc, sys- 
tematically. For this purpose, the stimulator recently described by ^Vcg- 
ria, Moe and Wiggers (5), which also alternated the direction of the 
current, was employed. It .should bo emphasized that shocks which evoke 
multi})le .sj’stoles or fibrillation are .several hundred-fold stronger than 
diastolic threshold shocks. iMany special procedure.?, bo-st dascribed when 
fierfineni topics are di.scusscd, were also used. 
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Premature beats induced by late systolic stimuli. Strong shocks applied in 
late systole determined either as mechanical systole from ventricular 
pressure curves, or as electrical systole of standard electrograms— evoke 
responses early in diastole (Wiggers and Wdgria, 7). Such observations 
require explanation, fust, because they seem to contradict the generally 
accepted doctrine that cardiac fractions are refractory up to the end of 
contraction, and secondly, because shocks which are strong enough evoke 
not one, but several beats early in diastole which may lead to fibrillation. 
In order to reconcile such findings with current knowledge, it has been 
suggested that this implies excitation of such myocardial fractions as ha\E 
been repolarized or have stopped contracting somewhat earlier than is 
indicated by pressure cuiwes or standard electrocardiograms (King, 3; 
Wiggers, 6). However, this meets with certain difficulties in interpreta- 
tion recently discovered by Wegria, IMoe and Wiggers (5). Therefore, 
experiments were carried out to determine whether smaller portions of 
ventricular myocardium respond when a shock is applied during electrical 
systole of localized fractions, i.e., during the Q-T segment of punctate 
electrograms recorded from spots adjacent to and more distant from the 
stimulating electrodes. As Harris (2) has recently emphasized, such elec- 
trograms represent the localized responses of a very small area of tissue 
under an electrode. When properly oriented in relation to the direction of 
normal excitation it consists of a sharp spike, the beginning of which is 
conveniently designated Q, and a final smaller deflection designated as T, 
much as in standard electrocardiograms. This Q-T interval unquestion- 
ably represents the duration of the electrical systole in very localized 
regions. I^'Tien the dfiection of the impulse or rate of conduction change, 
the character of the deflection is also altered. 

The character of these experiments is illustrated in figm-e 2, A, B, C, 
in which leads 1, 2 and 3 were taken from points similarly marked on the 
accompanying diagram. Brief D.C. shocks (30 M.A.) were applied as 
shown by the shock artefacts indicated by arrows. The three curves are 
taken from a long record of one experiment in which shocks were consecu- 
tively advanced from diastole to systole. They illustrate a single pre- 
mature contraction after shocks delivered late in diastole (curve A), on 
the T wave (B), and definitely earlier than the T wave (C). The deflec- 
tions are aberrant in form in leads 1 and 2, which were nearer the stimu- 
lating source, but retain their “spike characteristic” in lead 3, taken at a 
greater distance. The conclusion is warranted that points 1 and 2 received 
their excitation over abnormal, and point 1 ultimately over normal 
pathways. 

Innumerable instances of systolic responses, such as are indicated in 
curve C, strongly suggest that nonrefractorincss during late .systole cannot 
be explained on the basis of an early termination of contraction in certain 
areas of the myocardium. The}"^ are ob\'iously not due to spread of current 
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to the auricle and subsequent re-excitation, asivas again suggested by Wood- 
bury (8) in the case of the turtle ventricle, for analysis of many curves 
invariably shoved 1, that the order of initial response is related dhectly 
to the distance of leads from the stimulated points, and 2, that the contour 
of deflections changes in areas more adjacent to the source of stimulation, 
but generally remains the same in areas more remote from it. 

The latency and interpunctal conduclioii times of single premature systoles. 
The latency of electrical responses occurring at different points on the 
ventricular surfaces after brief D.C. shocks applied at consecutive moments 
of the cardiac cycle as veil as the interpunctate differences between points 



Fig. 3. Plot showing the constant latency of responses of three points (t, 2, 8) 
to shocks delivered during diastole, and the linear increase in gross latency as shocks 
are advanced into systole. Difference between lines gives interpunctal intervals. 
Abscissae, interval between preceding R deflection and shock. 

in line Avith, and on the same side of, the stimulating electrodes have been 
measured. 

Results showed that the latency of deflections resulting from shocks 
given during any portion of diastole and, in fact, as early as the summit 
of a T wave is always constant in any given lead. This does not agree 
with observations of Blau-, Wedd and Young (1) on turtle strips in which 
conduction seemed to be affected by the diastolic interval. This gi-oss 
latent period averages 12 to 15 msec, at points about 8 mm. from the 
stimulated locus and about 50 msec, at the most remote surface points on 
the anterior ventricular surface. Determination of latency at points near 
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the stimulating electrode is complicated by the shock artefact, except when 
low-voltage stimulation is used, in which case it can be detected at the top 
of the rectangular shock artefact. The interpunctal intervals likewise 
remain constant, regardless of the moment of diastole in which a stimulus 
is applied. This is illustrated by the plot of an experiment in figure 3. 

AVhen shocks are advanced so that they fall previous to the summit of T 
the situation changes. As indicated b 3 '- the trend of lines in figure 3, the 
gross latency increases in linear fashion in most of the surface points as 
shocks are advanced in systole and may reach a magnitude as great as 
100 msec, in very early shocks. In such instances, the pattern of the 
electrical deflections at any spot remains the same regardless of the moment 
at which the shock was applied. The onlj’^ points which, in a few experi- 
ments, did not show such a methodical linear increase in latency were 
those on the apex; but in these the pattern of electrical deflections changed, 
suggesting involving of different conduction pathways. 

Such progressive linear increase in the intervals of response might repre- 
sent an apparent latency, really due to delayed conduction, or it may be a 
real latency of some sort. In favor of the former are many fundamental 
demonstrations indicating that any real latency’’ of diastolic responses 
must be extremely short and perhaps nonexistent, differences being solelj’’ 
due to variations in conduction rates or conduction paths. 

The following facts indicate, however, that delayed conduction does not 
suffice to explain why the latency increases linearly as strong .sj'^stolic 
.shocks are applied earlier and earlier in systole: 

1. The interpunctal intervals, i.e., the time differences between points 
in line vdth and on the same side of the stimulated locus remain constant 
for re.sponses to systolic and diastolic stimuli. 

2. In specially'’ designed expeilments in which leads were taken directly 
from the stimulating electrodes, an appreciable lag still occurs. In order 
to protect the galvanometer string in such tests, a ^'acuum tube “shock 
absorber,” which limited the pick-up of .shock potential to safe ranges was 
introduced into the circuit.'’’ Figure 2D .shows such a record. The local 
respon.se, of coui'se reduced in amplitude, appears on the slow decline 
of the re.sidual polarization curve. In this instance the delay was about 
GO m.‘^ec. and compaiison with leads from other points .shows a definite 
jnocedence. 

As i.s evident in the .sample record of figure 2C, while a .strong localized 
.«tirnuhi.s a])plied during late sy.stole i.s capable of evoking a rc.sponse, such 
resjvni.-^r^ doe.s not occur ju'ovious to the end of the O' wave. In other words, 
the interval from the jjrevious normal .spike to the .shock, plus the latencw, 
approximateh’ cfiual.s the fluration of a local electrical sv^stole. 'Flic.^e 

5 \Vt> arc indcl)t 0 (i to Dr. HaroUi Gr<*en for if « con.st ruction and for fu'^.siKt anco in its 
cxfK'riincnta) ti-c. 
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results must be squared with apparently demonstrated facts, viz., a, that 
heart muscle is refractory during the period of depolarization, supposedlj’- 
extending from the spike to the T-wave; and b, that the ..energy of the 
stimulus is apparently ''frozen,” so to speak, until the early moments of 
diastole. It is conceivable that repolarization begins during the so called 
vulnerable period; indeed, Blair et al. (1) postulated occurrence of such a 
phenomenon in association with the waning of contraction previous to the 
T wave in strips of turtle ventricle. It is conceivable that heart muscle 
is excitable by very strong shocks and that an impulse is then conducted 
very slowly. However, this would not e.xplain the retardation of local 



Fig. 4. Diagram of circuit used to determine magnitude and duration of polariza- 
tion current resulting from strong brief D.C. shocks. Curves of lead 3 show calibra- 
tion of string for 50 m.v. and by comparison that part of the polarization potential 
beginning about 20 msec, after the end of shock, indicated in lead 1. Time, 0.04 sec. 

responses at the very point of stimulation, shown in figure 2D. Another 
possibility is that the tissue polarization resulting from a strong brief 
shock may be so great that it persists until early diastole and that the 
rate of decline of such polarization or its association with a sudden change 
in resistance during relaxation might make the waning polarization the 
real stimulus. In other words, while a strong shock is delivered during 
the refractory systole, its after-effects persisting into early diastole may 

be the real excitant. 

In order to validate such a concept it is necessary to obtam evidence 
that polarization effects of such shocks last long enough and have sufficient 
intensity to be of excitatory value at the time of early diastole. Expen- 
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ments were done in which the magnitude of the polarization potential 
was recorded by a string galvanometer, temporarily disconnected during 
application of the shock. The arrangement used is shown in the diagram 
of figure |4. Galvanometer Gi, protected by a very high resistance, re- 
corded the intensit}'" of the shock. Galvanometer Gs, protected by an ade- 
quate series resistance (in this test 40,000 ohms), was disconnected briefly 
bj'^ an automatic circuit breaker and reconnected about 30 msec, after its 
application. The records, 3 and 1 of figure 4, show the electrical curves 
recorded by galvanometers Gs and Gi; record 2 is a regular punctate lead 
by contiguous electrodes from a spot about 1 cm. distant. A calibration 
curve for 50 m.v. through the same resistance and electrodes is shown in 
an additional segment. 

Anal3\sis of such records showed that, at the time that the spike of lead 2 
begins, curve 3 reveals a polarization potential of about 50 m.v. Avhich 
gradually decreases to half-value in 0.08 second. By extrapolation of the 
exponential decline it was calculated that 20 msec, earlier, i.e., appro.xi- 
mately at the time when the point under the stimulating electrode was 
stimulated — the polarization must have had a magnitude of about 100 
m.v., which is probably sufficient to excite cardiac muscle during the early 
moments of the partially refractory phase. That this is a true polariza- 
tion of tissues and not polarization of imperfect Ag-AgCl electrodes Avas 
proved by the fact that similar results Avere obtained after substitution of 
calomel-cell electrodes of special design. 

Characleristics of sequential vnilliple deflections. Curv'es A, B and C of 
figure 5 shoAA' electrogi'ams from tA\'o points more proximal to the source 
of stimulation and from one point more distal, as indicated on the accom- 
panjdng diagram. They serA'e to illustrate reactions obtained in more 
comprehensiA’c studies, too numerous to report by illustrations. They 
.shoAA’ the local potentials in Aairious spots AA’hen a systolic D.C. .shock (S) 
(0.02 sec.) evoked one deflection (cuiwe A), four deflections folloAA’cd by a 
pau.se and rc.sumption of normal rhj’thm (curve B), and four deflections 
foIloAved ijy true fibrillation (curve C). 

The folloAving facts stand out on careful inspection of these curves: 
1. In genea-al, the successiA'e beats in leads 1 and 2 from points nearer the 
stimulated locus — even Avhen these arc on opposite ventricles — are aben-ant 
in configuration, whereas tho.se of lead 3 from a more distal region tend to 
retain tlieir .spike-like characteristic, Avhich suggests that the latter are 
excited from a more nearly normal direction and probably over the legular 
Purkinje netA\-ork. 

2. The first of a multiple serie.s of deflections (curvo.s B and C) following 
a strong .sy.stolic shock i.s i{lentical in form Avith that of a single rc.spon.«e 
shown in ciirA'c A. 'I'hi.s indicafe.s that difrcrence.s in the initkd premature 
contn'.c‘tion cannot la; eoncerncfl in initiation of fibrillation. 
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3. The four successive deflections (a, b, c, d) in either lead 2 or 3 of 
curves B or C differ essentially from each other in form; but corresponding 
beats (e.g., h in lead 2, curves B and C, or b in lead 3, curves B and C) re- 

B A 



Fic 5. Three curves of punctate electrograms illustrating electrical responses to 
strong systolic shocks. A, a single deflection; B, multiple deflections followed y 
pause ; C, multiple responses followed by fibrillation. Diagram shows orientation of 
leads 1 , 2,3 nuth respect to points of stimulation, <S. 


semble each other strikingly. This indicates that there is notlung pecuhar 
in the nature of the second or third responses that could determme the 
temporary arrest or fibrillation which follows. 
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4. The second and thu'd deflections in all leads are spaced at progres- 
sively closer intervals, but the shortening of periods is more marked in a 
proximal lead (2) than in the distal one (3). This ivill be discussed later. 

5. The third deflection shows a similarity of form in leads 1 and 3 of 
curves B and C ; but in lead 2 of curve C — nearest the locus of excitation — 
an inconspicuous earlier variation (x) appears which is not present in curve 



.2 .4 .6 .6 


Fig. C, Local electrograms from 3 points, as indicated in small diagram of Heart, 
showing induction of fibrillation. Diagram illustrates interrelation of deflection.s 
and projection to a hypothetical center above. Time, 0.02 sec. 


B. Thi.s indicates a di.srujjtion of rliylhm at point 2 whicli appears to be 
related to a .slight precedence of fibrillation at this point. 

0. Despite the fact that a .state of localized fibrillation starts at point 2 
of cun-e C, tlu! areas from which leads 1 and 3 were taken receive one 
additional interrelated e\’citation (d), ju.st as in curve B, in whicii no fibril- 
lation eventuatfsl. The .-imilarif ies in the forms Jind time relations of 
defiectif)!!.-' e and d in lead.s 1 and 3 of records B and C clearb' indicate that 
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in curve C, excitation of these areas— near and remote — are not yet due 
to or related to the fibrillating process started at lead 2. 

The localized development of the fibrillating process. Such a localized 
fibrillation, which exists temporarilj’^ without involving other regions of 
the ventricular surface was found in a large number of instances, regard- 



Fig. 7. Local electrograms from 3 points, as indicated in small diagram of heart, 
showing induction of fibrillation. Diagram illustrates interrelation of deflections 
and projection to a hypothetical center above. Discussion in text. Time, 0.02 sec. 


less of the locus of stimulation. The fact is so important that a few addi- 
tional curves are presented in confii-mation. 

Figure 6 shows simultaneous local electrograms from an experiment in 
which fibrillation Avas induced by a strong systolic shock near the apex. 
Leads 2, 1 and 3 are electrical variations recorded from points progres- 
shmly more distant from the locus of stimulation, in the general direction 
of the interventricular septum, as indicated on the small diagram. A 
glance at the records indicates again that fibrillation occurs at the nearest 
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lead (lead 2), while at least three specific excitations at increasing!}’- smaller 
intervals continue in leads 1 and 3. Such records show that there is no 
difference when more remote leads are taken over the septal surfaces. 
This has been extensively confirmed. Discussion of the plots of time rela- 
tionships shown in figure 6 is advantageously deferred. 

Figure 7 illustrates essentially the same phenomena following a strong 
systolic shock applied near lead 3 toward the base of the right ventricle. 
The disposition of leads was in the general direction of the superficial 
sinospiral bundle. We notice that the lead from area 3 nearest the point 
of stimulation breaks into incoordinate wa^’elets first. Curiously, the 
most distant lead 1 exliibits the greatest changes in form, while a septal 
point 2 lead more nearly retains the spike-like deflections and perhaps 
breaks into incoordinate wavelets a little later. This illustrates a type of 
experiment in which it appears probable that more remote areas do not 
continue to be excited from the initial focus, but rather from a slowly 
advancing fibrillating front. 

Numerous experiments in which the three leads were placed along surface 
bundles failed to show, as in this case, that the fibrillating process neces- 
sarily spreads in the direction of surface bundles. This is not surprising 
in view of the complex intertwining of conduction pathways of normal and 
Purkinje fibers which exists in the myocardium. Such observations dis- 
prove the possibility that development of fibrillation is contingent on pas- 
sage of repeated long reentrant waves over both ventricles by common 
fasciculi of fibers. 

Cause of the multiple accelerating heats. The intimate relation of the 
multiple accelerating beats to fibrillation demands the most searching in- 
quiry po.ssible as to their cause and the part they play in the breakdown of 
an orderly excitation in an initiall}’- restricted area. Two causes can be 
thought of to account for the preliminaiy undulatoiy movements of fibi-il- 
lation which arc reflected in the localized electrograms we have been de- 
scribing: (1) AVith the exception of the first, which is clearly a premature 
systole, they may reprc.scnt a scries of reentrant impulses, or (2), they may be 
due to repetitive discharges from an area around the excited points. 

The first suggestion was rather favored by one of us (6), partly on ob- 
.servations of the surface movements in films; partly on the basis of the 
(limini.'^hing spacing and continually changing forms of standard electro- 
ca.rdiograms. If conduction mtes and refractory periods of cardiac muscle 
establishcfl by previous inve.stigator.s arc accepted, such a circuit would 
have to be a rekitively large one, and some i)orfion of the myocardium 
would have to la; (ixcifed every moment after the first response. 

The best metliod for detecting such circuits would be to take numerous 
stirface leads .‘•imulfancously during the occurrence of the .secoml and third 
beats. Ifowever, evidencf- .shouhl l)e f)btainable in repeated fibrillation.s 
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showing the same general character of waves in which records are taken by 
the only thi’ee leads available to us. Such experiments have been carried 
out and surface plots of the results made. An example is shown in figure 8 
in which the incidence of surface negativity after a single diastolic response 
and the first three cycles of multiple responses to a strong systolic shock are 
plotted separately. Lines have been drawn at intervals representing 10 
msec, differences in time of excitation. Such isochrons in every case have 
a roughly concentric configuration about a stimulated locus. They must 
not be regarded as a chart of the actual spread of the excitatory wavefront but 
rather as a chart of the sequence of surface activation, perhaps over deeper 
routes. 

An inspection of the four diagrams reveals that the pattern of spread of 
the first response following a strong systolic shock does not differ essentially 
from that of a single response to a diastolic shock. In both, the order of 
excitation is radial, in all directions from the stimulated area. The other 
diagrams indicate that successive responses of a train likewise radiate from 
the stimulated locus, often as far as the fourth deflection. This favors the 
^ view that all originate at or near the site of stimulation. 

The distances between the isochrons of figure 8 indicate that, after allow- 
ing for the greater gross latency, the first response following a systolic shock 
reaches identical surface points at approximately the same time as diastolic 
shocks (cf. dravdngs A and B). Since the configuration of complexes is 
also essentially the same in the two cases, it may be assumed that the im- 
pulses traveled over the same routes and that, therefore, the conduction 
time is approximately the same. Since the route of travel is unknown, 
estimates of conduction rates are, of course, hazardous. In the case of the 
2nd or 3rd beat of multiple complexes, shown in C and D of figure 8, the 
impulses arrive at the surface more and more slowly. This may denote an 
actual decrease in rate of propagation, Avliich is in accord with knowledge 
that the conduction rate decreases with shortening pauses; but such a con- 
clusion cannot be vafidated by our observations owing to the significant 
changes in contour of successive complexes anal 3 ’-zed in figure 5, which 
indicate that the different pathways were probably followed. However, 
regardless of the cause of the progre.ssive delay in activation of surface 
points, its existence cannot be disputed. 

Such plots are difficult to reconcile with the idea that the 2nd or 3rd 
initial complexes are due to reentry of impulses. In many records of such 
beats, followed by fibrillation or not, we have never seen sequential surface 
changes that would fit the idea of long circuits of reentiy. The only con- 
ceivable way in which reentrant waves could give rise to such isochrons 
would be to postulate that the reentrant Avave returned each time by way of 
deeper tissues, thus preventing its detection by surface leads. This pos- 
sibility is much reduced by experiments in Avhich internal leads, taken ap- 
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proximately opposite to tlie external ones, showed no such time lag as would 
be demanded if the interior represented the return path. 

If the 2nd and 3rd beats represent a reentry, a unilateral block must be 
produced b}’’ the shock and we would expect to find spots of dela3''ed excita- 
tion to one side of the stimulated region in our numerous curves, at least 
occasional^. None have ever been found. Furthermore, according to 
the reentry lij'^pothesis, some portion of the myocardium must be excited 



Fijc. S. Diagram showing isooiiron.s of rc.sponscs to a single respon-sc, A, to a dia- 
stolic shock, and tlie first three cycles (B, C, D) of multiple responses following a 
strong systolic shock. 

at all times. Our numerous ob.servalions on the ventral .surhice and {in- 
terior w!ill {ilwiiv.s hafl :i gap in which no point. wa.« e.xeited. Thus the 
latest time following excitation at which anj' portion of the anterior surface 
was exeitixl in figure SB was SO m.^ec., and the earliest moment after excita- 
tion that the surface again became negative was 180 msec. (fig. SC)- It is 
difficult to bi'lieve that excited spots could have all been mi.ssed during the 
100 tu'-ee. vluch intenaaied. Similarh', a gap of (piiescencc efpial to SO 



INITIATION OF VENTRICULAR FIBRILLATION 


487 


msec, intervenes between the plots of figure 8C and D. Hence, our con- 
clusion that no portion of the heart was excited during this interval. 
Finally, if Ave retreat to the view that a small localized zigzag system de- 
velops in the vicinity of the locus of stimulation, it must have been less 
than the distance to the nearest electrode. This Avould require an incon- 
ceivable degree of slowing of conduction. 

Since the anatysis thus far indicates a, that the time of activation of con- 
centric points around the stimulated locus increases progressively in suc- 
ceeding beats; 6, that no clear evidence of circus rings exists in the early 
deflections which precede fibrillation, and c, that the gross latency of 
response of concentric fields for each cycle increases systematically away 
from the point of stimulation, it appears improbable that reentry of im- 
pulses can explain the 1st, 2nd and, occasionally, the 3rd and 4th beats 
which lead to fibrillation. It rather favors the view that they are due to 
repetitive firing of an area near the point of stimulation. 

In the two diagrams of figures 6 and 7 respectively a crude attempt is 
made to illustrate the manner in which this might operate up to the time 
when fibrillation develops at each more distant spot. The interrelation- 
ships of spikes in the three leads while the myocardium is normally excited 
is indicated by the first two sets of small black squares. The time of the 
shock is denoted b}’’ S; and for each lead the time interval at which excita- 
tion manifests itself is indicated by another small black square. Lead 2 
is nearest the locus; lead 3, farthest away. A glance at such a graph — even 
better than the curve itself— -shows that the responses are spaced more 
closely at the adjacent than at the most distant point. Since the lead from 
the nearest point Avas 8-10 mm. from the stimulated locus, the latter must 
have discharged still more rapidly. This can be pictured by draAving 
slanting lines through the plotted squares and extendmg them to some 
arbitrary line indicated by AA'hite squares at the top of the graph. They 
represent the still more rapid tempo of the discharging area. The sloping 
lines, themseh'^es, denote the progressive delay of impulses on surface 
points. Such a scheme helps to emphasize the idea that the beats preced- 
ing fibrillation are due to repetitiAm firing of impulses from a center, each 
one of AAdiich is transmitted more sloAAdy to Amrious muscle fractions. It 
also Ausualizes the common precedence of fibrillation at proximal points, 
AA'^hile more distant ones continue to receiA’^e the retarded impulses. Ad- 
mittedly, such a state of localized fibrillation is very temporary, but its 
brief existence is neA''ertheIess important in analyzing the mechanism by 
Avhich fibrillation starts. 

The effects of accelerated induction shocks. One fact chiefly requnes to 
be harmonized AA’ith the concept that seA'^eral repeated impulses are dis- 
charged from a center, viz., the changing configuration of the successhm 
deflections. They certainly suggest that the impulses reach the con- 



488 


G. K. MOE, A. S. HARRIS A^^) C. J. TVIGGERS 


tiguoiis electrodes from different directions, and hence that conduction, 
disturbances are present at the same time. These disturbances may be 


A 



I'i^. 9. Curves of preliminary clectrograpliic defleotions and fibrillation produced 
by an accelerating scries of threshold induction .shocks. A, no fibrillation, only 
nborr.'int deflection.s- (a-c) changing from cycle to cycle; B, similar deflections (h-I:) 
degenerating to re-entrant beats at *. I’ibrillation preeedc.s in lend 2. Time, 0.01 see. 

phy-sinlogical con.seriuence.s of (in; rapid repel itive impul.ses; or they may be 
<iue So a physical influence ()f the I),(b .sliock prr .sr. 

I tirtlic-rmore, if onr s'U>j)icion is correct that fibrillation dovelop.s a.s a 





INITIATION OF VENTRICULAR FIBRILLATION 


489 


result of 2 to 4 progressively retarded impulses fired from a common center, 
it should be possible to I’eduplicate similar initial deflections and to produce 
fibrillation by applying to an area an artificial series of stimuli, approxi- 
mately of threshold value. 

Accordingly, experiments ivere designed in wliich five weak break induc- 
tion shocks (makes short-circuited) were applied at diminishing intervals 
during a long diastole. This was accomplished by using as key a disc with 
five cams spaced progressii'cly closer, each one operating a set of keys. 
The speed of the camshaft determined the actual intervals. 

Experiments showed that a .'^pacing of the accelerating stimuli resembling 
the rhjdilim produced by one strong D.C. shock could be achieved by trials, 
^"iflien such shocks are applied too far apart or come too close together 
fibrillation is not invoked; when properly spaced it follows regularly. 

Figure 9 shows two illustrations. In A, a set of five tlu’eshold shocks is 
followed by a series of deflections in lead 1, nearest the stimulated area, 
each of which has a different configuration. Tins demonstrates that the 
conduction disturbances are associated with the rapidly repeated excita- 
tions and are not due to a direct effect of the current per sc. In this record, 
the series marked a, b, c, d, e is followed by a spontaneous beat (f). Before 
a natural rhythm could be restored another artificial series of threshold 
break shocks were applied. The continuation of the record — in which 
deflection (g) is repeated — is shown as curve B. Four bizarre deflections 
(h-k) occur ivhich are followed by fibrillation, indicated in leads 1 and 2 
by an asterisk (*). The broad abnormal character of deflections due to 
reentry is well shown. 

Discussion. A theory of the initiation of ventricular fibrillation. We 
accept the demonstration of Garrey (4) that the incoordinate state of con- 
traction to which the term “fibrillation” should be restricted is due to circus 
excitation. This is universally pz'eceded, howe'\’’er, by a run of tachysys- 
tohc beats which hold the secret as to the mechanism of onset of filirillation. 
The observation — important in itself — ^that a brief strong shock must 
comcide with the vulnerable period of late systole or very early diastole 
in order to produce such tachysystolic beats and fibrillation is not itself an 
answer to the question as to why it does so. We must know how a stimulus 
falling during a supposedly refractory phase can stimulate at all, and Ave 
must understand the physiological process it sets up which quickly makes 
reentry and circulation of impulses possible. 

We have presented evidence that a late systolic shock is really effective 
because it creates a tissue polarization of sufiicient .strength and duiation 
to excite at the very fii’st moments of the relatively refractoiy period. 
Moreover, it appears to start a rhytlunic center from which several impulses 
are discharged at an accelerating rate, the limit of the interval being about 
80 msec. These successive stimuli arrive at more remote regions, latei 
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and later. The progressive decrease in refractory periods associated with 
the accelerating rate of responses, combined with delay in conduction, 
furnish ideal conditions for reentry of impulses, hui only aftei' the second, 
third or jour Ih truly premature heats have run their course. Since myocardial 
fractions nearest the stimulated locus are excited at shorter intervals than 
rnore distal ones, their refractory period decreases most, and reentiy occurs 
there first. This explains whj’’ localized areas of fibrillation exist tem- 
porarily near the site of stimulation, while more remote ones temporarily 
receive periodic coordinated excitations. 

Without prejudice to the view that primary alterations in conduction 
maj’- account for the onset of ventricular fibrillation under other circum- 
stances, our results do not support the view that immediate changes in the 
duration of the refractoiy period or of conduction time are responsible for 
fibrillation produced by a brief strong D.C. shock. On the contrary, such 
changes are physiological consequences of a rapid accelerating discharge of 
impulses from a center near the stimulus. The bearing of these findings on 
the interpretation of “spontaneous fibrillation,” e.g., after coronary occlu- 
sion becomes evident on reflection. 

A generalized state of fibrillation quickly develops as a result of either 
of two mechanisms; 1, numerous areas may start independent fibrillating 
centers in rapid sequence by the same mechanism and then merge, or 2, 
the fibrillation spreads from the initially fibrillating area to adjacent ones 
by reexciting fractions as soon as they have passed out of their i-efractory 
jihase. Our anal 3 '^sis of many records indicates tliat the former is relativelj’’ 
uncommon; the latter, usual. 


SUiMMARV 

The mechanism by which ventricular fibrillation develops as a result of a 
sti'ong, brief D.C. shock delivered during the vulnerable period of the ven- 
tricular cj'cle was studied clectrographicall 3 \ Three paii’S of contiguous 
electrodes operating on the iirinciple of Garten differential electrodes were 
varioush' oriented on the ventricular surface with I’espcct to the site of 
stimulation in dilTcrent tests on the .same heart. Since the ventricles were 
repeal ecllj' revived ly the countenshock method of Hooker, the ventricular 
surfarie was .sampled reasonably well by changing the placement of clec- 
t rodcs. 

The following re.sults and conclu.sions arc discu.^^sed; 

1. .V inodeiateb' .strong, brief shock applied con.siderablj'’ before the 
wave of an electrogram recorded at, or near, the ])oint. of .stimulation cau.ses 
ouf re.spaiic,. aft<‘r the 'I' wave. Tests arc pre.scritcd which indicate 

that the re.s|)on.se is prob.al)l\' not due to an actual .s^'.stolic excitation Imt to 
th<‘ creation in tissiies of a d(Trementing polarization potential which i.s 
-*'Utfici(rif in duration and intensity to e.xcite earlj' in the next rolativeh^ 
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refractoiy phase. In tliis way, the response of the ventricle to a systolic 
^hock can be harmonized with the existence of a refractory state in muscle 
fractions. It also explains why the latency of responses at definite points 
on the cardiac surface remains constant for shocks apphed at any moment 
of diastole, but increases linearly as they are applied more and more in 
advance of the T wa%'^e of a local electrogram. No e^ddence has been found 
in the dog’s heart that changes in conduction are involved in such increas- 
ing latency; the interpunctal differences between excitation lines remain the 
same, regardless of when a stimulus is introduced. 

2. A veiy strong shock applied to a discrete mass of ventricular muscle 
during the Q-T interval of an adjacent electrogram evokes a series of 
deflections in all electrograms led from the cardiac surface. This may be 
followed by a pause and resumption of normal rhythm or by fibrillation. 
When the latter occurs, it develops in .the nearest surface lead slightly 
before it does in the others. 

3. The series of discrete deflections recur at progressively decreasing 
intervals in the most proximal lead and the excitation times more distant 
in relation to proximal points increase progressively during the series of 
responses. 

4. The order of excitation on the surface and interior of the ventricle 
during the second, tliird and fourth responses and the existence of a period 
between beats when no area is excited do not support the view that the 
initial beats are due to reentry of impulses. On the contrary, the con- 
centric arrangement of isoclnons calculated from actual records strongly 
suggests repetitive emission of several impulses from the stimulated area, 
temporarily made automatic by the shock. 

5. Deflections similar in form and sequence in near and farn,reas of the 
heart could be caused artificially by applying a series of weak threshold 
break induction shocks at slightly diminishing intervals. If given in proper 
sequence, these also cause fibrillation. 

6. The conclusion is draAvn that the reentiy of impulses with which 
fibi-illation follovdng localized application of a strong, brief D.C. shock 
starts, K due to the progressive decrease in refractory period combined 
vdtli a progressive increase in conduction time. This starts in regions 
near the site of stimulation and occurs as a result of the repetitive accelerat- 
ing discharges rather than as an effect of the current per se. In short, 
while repetitive discharges from a center or centers are not required to sus- 
tain fibrillation, they are essential to its initiation after a strong electrical 
shock. 
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It appears well established (1, 2, 3) that radical alterations in the normal 
hemodynamics of the kidney may produce experimental hypertension. 
It has been demonstrated (4, 5) that in all probabihty such an altered 
kidney produces a pressor substance de novo or an increase in the amount 
of pressor substance normally secreted into the blood stream. As a matter 
of fact, a substance has been found (6) in the venous blood leaving the 
partially ischemic kidney of the dog, which effected a marked and rapid 
pressor response when given to another dog. This same substance may be 
neutrahzed, however, by the intact, functioning Iddney. In its chemical 
and physiological properties, this particular substance was thought to be 
similar in certain respects to both purified renin and angiotonin (7), but 
not identical to either. 

Despite the above observations, the initiating factor in the production 
or increased production of this renal pressor substance has not been clearly 
demonstrated. Constriction of the renal arteiy by a Goldblatt clamp can 
conceivably effect only two hemodynamic changes in the kidney, namely, 
1, a reduction in the renal blood flow, or 2, a reduction in the renal blood 
pressure, including the pulse pressure, distal to the clamp. In the majority 
of clamp applications, probably both of these changes occur. Recently, 
however, there have been several observations recorded (8, 9, 10) which 
suggest that the Iddney in experimental hypertension need not be ischemic. 
Furthermore, renal blood flow determinations performed upon human 
patients suffering with essential hypertension (11, 12) demonstrate that 
renal ischemia is not an invariable finding in this syndrome. Even in 
man}'' of the cases in v'hich a renal ischemia is present, it is frequently of so 
slight a degree that a legitimate doubt is justified as to whether the ischemia 
was the causative factor in the maintenance of the hypertension. Finally, 

^ We are indebted to the Winthrop Chemical Company for their kindness in supply- 
ing us with generous quantities of diodrast. 
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it may be mentioned that the detection of renin in the blood leaidng the 
perfused kidney (13) is dependent upon a reduction in the pulse pressure 
rather than in the rate of blood flow to this same kidney. 

In the present communication, emdence is presented which indicates 
that renal ischemia is neither the initiating, the causative, nor the main- 
taining factor in the production of experimental hypertension, 

I. The renal circulation before, during, and after a constriction of the aorta 
above the aortic orifices of both renal arteries {acute). It has been recognized 
that the renal blood flow may remain unchanged despite alterations in the 
arterial pressure (14, 15, 16), but the intra-renal causes for tliis are not 
definitely known. Accordingl}'-, the renal blood flow, the glomerular filtra- 
tion rate, and the filtration fraction were observed before, during, and 
after a constriction of the aorta above the orifices of both renal arteries. 

Methods. Six normal dogs (series A) were anesthetized ■with pento- 
barbital sodium. A left lumbar incision was made, the peritoneum incised, 
and the aorta above both renal arteries exposed and encircled by a loose 
tape ligature, the tw^o ends of w^hich w'ere conducted to the outside tlnough 
a brass tube 2.5 mm. in diameter. The wmund wns then closed. During 
this manipulation the kidneys were not disturbed. The left femoral arteiy 
w'as cannulated and connected to. a mercury manometer, allowing continu- 
ous blood pressure recording. The left femoral vein wns connected to 
an infusion flask, and for an hour following the application of the aortic 
ligature, the animal slowiy received an infusion of normal saline solution 
(150 cc.). 

After preliminary intravenous administration of diodrast (0.5 per cent) 
and inulin (1.66 per cent) in saline solution for 30 minutes, the renal blood 
flow, the inulin clearance, the mean femoral blood pressure and in some 
cases the femoral pulse pressure were obtained during a 30 minute control 
period. The ligature was then tightened until a decrease of 30 to 40 mm. 
Hg was obseiwnd in the femoral artery pressure and this degree of reduction 
was maintained for 40 minutes. During this constriction period, the above 
determinations were repeated after an initial delay of 10 minutes. The 
third and final determinations w'cre made in a 30 minute period following 
the release of the aortic constriction. 

In five other dogs (series B) exactly the same procedure was followed 
except that the aortic ligature was tightened until a fall of ‘10 to 60 mm. 
Ilg in the im.-an femoral artery pressure occurred. 

For the determination of the renal blood flow and the inulin clearance 
of (.‘aeh 30 mitmte i)eriod, three catlicterized urine collections (each of 
10 rnin, duration) and two blood .samples were taken. Thc.se were then 
nnalyz'-d separately for iodine (according to the method of White, 17) aiid 
for inulin (according to the method of Alving, 18). The mean of the.se, 
three dftJ-rrnination.^ wn.s taken as the average period value. The rliodra.st 
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plasma clearance in cubic centimeters per minute plus the addition of the 
volume of red blood cells (determined by hematocrit) was taken as the renal 
blood flow. The factor advocated by White (19) was not used in the 
calculation of the renal blood flow because our interest was primarily in 
comparative values. The filtration fraction was obtained as the inulin 
plasma clearance/diodrast plasma clearance. 

The aortic and renal artery hemodynamics below the constriction were 
studied by blood pressure determinations obtained from the femoral artery. 
It was thought that, although there might be slight differences in the actual 
pressure values in these thi-ee sites, the determination of the pressure values, 
particularly changes, in the femoral artery afforded a reasonably accurate 
picture of the intra-aortic and iiitra-renal arterj' hemodynamics. Accord- 
ingly, the aortic and renal arteiy pressure values cited in this communica- 
tion were those actually found in the femoral arteiy. The phasic blood 
pressure determinations were obtained vdth the Hamilton apparatus. 

At the end of each experiment the animal was autopsied, the position 
of the aortic ligature relative to the renal artery orifices was checked, and 
the kidneys weighed. 

Results. In the dogs of series A (see table 1-A) it was observed that 
although a reduction in the aortic mean pressure of 30 to 40 mm. Hg below 
the constriction led to a marked decrease in the pulse pressure at the 
expense of the systolic phase of the blood pressure, there was no significant 
change in the renal blood flow as measured by the diodrast clearance. 
In three of the six dogs there was a shght increase in flow, in the remaining 
three a slight decrease vith an average reduction in flow of 1.5 per cent, 
which was vdthin the experimental error. In all dogs a reduction in the 
glomerular filtration, as measured by the inulin clearance, was obseiwed. 
The average decrease was 20 per cent. Tliis fall in glomerular filtration 
rate resulted in a concomitant fail in the filtration fraction (see table 1-A). 

The maintenance of a normal renal blood flow in these dogs during aortic 
constriction, despite a moderate reduction in the mean pressure and a 
severe decrease in the pulse pressure of the aorta and renal arteiy, indi- 
cated that renal vascular dilatation must have occurred. The average 
decrease of 20 per cent in the glomerular filtration rate indicates that there 
must have been a reduction in the filtration pressure vdthin the glomerulus. 
The exact site of tliis renal vascular dilatation could not be definitely deter- 
mined although the decrease in glomerular filtration despite a maintenance 
of a normal blood flow suggested that a dilatation chiefly invohdng the 
glomerular efferent arterioles had occurred. It is hkely that the afferent 
arterioles also dilated, but certainly to a lesser degree. In preliminaiy 
experiments it was found that if constriction were maintained over 30 
minutes a decrease in the renal blood flow uniformly occurred. Even 
during the 30 minute constriction period, the last 10 minute determination 
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of the renal blood flow was usually less than that obtained during the 
first 10 minutes. 

After the release of the aortic constriction the mean renal arteiy and 
pulse pressure in each dog returned to a value as liigh as or higher than 
the pre-constriction value. The inuhn clearance also returned to about the 


TABLE 1 

The renal circulation before, during, and after a constriction in the aorta above both 

renal arteries 



A. Constriction causing reduction of 30-40 mm. Hg in femoral pressure 
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40 
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0.56 

24.4 
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0.45 
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3.22 



Average 
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55 

3.58 

0.65 
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16.66 

3.53 
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07 

2.84 
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Hg in femoral pressure 
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5 
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6 
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100 


2.09 


45.4 

7 
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82 
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10 
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H|l*. 
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02.5 
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“ 

87 

10 
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m 

129 
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• Obtained with the Hamilton Blood Pressure Apparatus. 

t Calculated as the diodrast clearance in cubic centimeters per minute per gram of 
kidney divided by the hematocrit plasma volume percentage. 

+ Calculated a.s the inulin clc.arance in cubic centimeters per minute per gram of 
kidney ti.<;pue. 


])rc-<’on.stri(.*(ion clearance, but the renal blood flow .sharply decrca.«ed 
(nveragr: naluction, 20 i)er cent). Thi.s comparative i.schemia, de.spite the 
norma! arterial pressure and glomerular filtration rate, strongly .suggested 
that an increase in the tonus of the glomerular efi'ercJit arteriole had oc- 
curred. I'o.f it was difiicult to ol>servo any other change in the kidney 











































RENAL BLOOD PLOW AND PRESSURE IN HYPERTENSION 


497 


circulation -which had taken place that could haA’-e reduced the rate of 
flow and not the rate of glomerular filtration. This ischemia, howei'-er, "U'as 
usually temporary and disappeared at the end of an hour. 

In the dogs of series B, it aa'rs found that when the mean aortic pressure 
was reduced 40 to 60 mm. Hg, there Avas not only a decrease in the pulse 
pressure (aA^erage reduction, 84 per cent), and in the inulin clearance 
(average reduction, 16.5 per cent), but also in the blood flow (aA'^erage 
reduction, 14.5 per cent). The filtration fraction likewise showed a slight 
decrease (average reduction, 4 per cent). Aortic constriction of tliis 
severity, then, decreased not only the pulse pressure and the glomerular 
filtration rate, but also the renal blood floAV. As already obseiwed in the 
dogs of series A, the release of the constriction Avas followed by a return of 
the inulin clearance and the pressure to about pre-constriction leA^els. The 
renal blood floAv, hoAvever, decreased eA’en more (aA’^erage reduction, 24 
per cent) after release of the constriction than had been observed in the 
dogs of series A. The filtration fraction (aA’-erage filtration fraction, 41.4 
per cent) thus became eA'^en higher and represented a 43 per cent increase 
over that found during the control period. Here again, the return of all 
factors studied to the pre-constriction level vuth the exception of the renal 
blood floAV pointed to the probability of the occurrence of increased glomeru- 
lar efferent arteriolar tonus. 

II. The renal circulation before, during, and after a constriction of the 
aorta above the orifice of the left, but below the orifiee of the right renal artery 
{acute). Methods. Six dogs v^ere studied. Exactly the same procedure 
was carried out as preATOUsly described in dogs of series B (40-60 mm. Hg 
reduction in mean aortic pressure), except that the ligature Avas placed 
around the aorta aboA^e the left renal, but below the right renal arteiy 
aortic orifice. By tliis procedure, then, one kidney AAith normal hemo- 
dynamics AA^as present in a dog whose remaining kidney Avas subjected to 
arterial pressure changes. Preliminary determinations of carotid artery 
pressures prior to and folloAA-ing the aortic constriction revealed no con- 
sistent changes in aortic pressure aboA'^e the constriction. 

Results. As table 2 clearly demonsti*ates, although the effects of aortic 
constriction upon one kidney gaA'e total renal changes roughly parallel to 
those found preAuously in dogs of series B, except for a lesser degree of 
renal ischemia, a return of the renal blood floAV to normal, together AAdtli an 
actual decrease in the inulin clearance and filtration fraction, occurred 
after the release of the constriction. These last observations suggest that 
the increased filtration fractions obserA^ed in dogs of series A and B Avere 
not due to neurogenic or mechanical factors, but AA-ere due in all proliability 
to the elaboration of a humoral substance, apparently formed during the 
period of low arterial and pulse pressure in the absence of renal ischemia 
(see table 1-A). In this last series of dogs, this substance was probably 
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neutralized by the normal kidney present for, as lias been mentioned (G), 
the normal kidnej'’ appears to neutralize quickly the clTcct of the pressor 
substance present in the blood leaving a kidney whose artery has been 
severely clamped. 

III. The renal circulation and the systemic blood pressure, before, during, 
and after a reduction in the aortic blood pressure {acute and chronic). The 
above observations strongly suggested that a kidne}’’ subjected to a mod- 
erate reduction in its mean pre.ssurc and a severe reduction in its pulse 
pressure nevertheless could maintain a normal renal blood flow for a short 
period of time and that during this i)criod it apparently produces a sub- 


TABLE 2 

The renal circiilalion before, during, and after a constriction in the aorta above the left, 

but below the right renal artery 


EXPERI- 

MENT 

NUMBER 

BEFORE CONSTRICTION 

DURING CONSTRICTION 

AFTER P.KLEASE OF CON- 
STRICTION 

Mean femora! 
pressure 

Femoral pulse 
pressure 

Rcnnl blood 
flow* 

Renal inulin 
clcarnncet 

Filtration 

fraction 

Moan femoral 
pressure 

J 

C.C 

ep 

£ 

s *<■ 

& 

Renal blood 
flow 

Rcnnl inulin 
clearanco 

Filtration 

fraction 

Menu femoral 
prcAsuro 

O 

a, 

5. O 

*5 5 
is 

S 1 

fs “ 

Renal blood 
flow 

M O 

©7) 

Filtration 

fraction 


mm. 

mm. 





mm. 



per 

mm. 

m m . 



per 


HV 

Ht 





Ilg 



cent 

Uq 

tig 



cent 

lb 

125 


3.94 

m 




3.72 

0.57 

23.8 

msi 


2.8 

0.44 

27.2 

2b 

135 



B 

29.9 

85 



28.2 

135 



0.73 

26.6 

3b 

125 

55 


0.58 

23.8 

82 

15 

3.72 

Mwa 


132 

65 

3.93 

0.61 

23.3 

4b 

125 


3.29 

Blia 

27.0 

85 


2.55 

0.42 




bSS 

0.59 

23.3 

5b 

125 

35 

4.7 

0.G2 

34.4 

85 


3.39 

0.49 



37 

4.0 

0.42 

26.7 

6b 

130 

35 

4,13 



85 

m 



24.1 

So 

30 

3.5 

0.36 

17.4 

Average 

128 

42 

3.85 


28.5 

84 

11 

bb 

25.1 

00 

44 

3.71 

0.53 

23.9 


* Calculated as the diodrast clearance in cubic centimeters per minute per gram of 
kidney divided by the hematocrit plasma volume percentage. 

t Calculated as the inulin clearance in cubic centimeters per minute per gram of 
kidney tissue. 


stance capable of causing glomerular efferent arteriolar spasm. However, 
no immediate systemic hypertension was observed in any experiment. 
It was thought advisable therefore to determine whether tliis substance 
apparently formed by a non-ischemic kidney under reduced pressure (mean 
and pulse) would later produce a chronic hypertension. 

Methods. Five uninephi’ectomized dogs, previously .trained for blood 
pressure determinations, were used. Uninephrectomized dogs were used 
in order to avoid the extensive surgical manipulation associated vdth the 
application of the aortic clamp above two renal arteries. A preliminary 
renal denervation was also performed on one of the five dogs (4-c). 
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After stable blood pressure levels had been reached, the dogs were anes- 
thetized vith pentobarbital sodium, the aorta was exposed as before and 
encircled by a silver clamp, although no compression of the aorta was 
effected at this time. The clamp itself was similar to the Goldblatt 
designed clamp, except considerabl}’- larger and equipped vith a rectangular 
screw head, over wliich a tightly fitting rectangular tube extending to the 
outside could be fitted. The clamp and tube ha%dng been connected, 
the field was quickly closed, and the tube allowed to project from the 
wound. After one hour the renal blood flow, inulin clearance and blood 
pressure (femoral) were determined over a 30 minute period as control 
values under anesthesia. A needle attached to a mercury manometer 

TABLE 3 


The effect of a constriclion of the aorta upon the femoral blood pressure and the renal 

circulation (acute and chronic) 



CONTROIi VALUES 

ACUTE EFFECT OF 
COARCTATION 

CHRONIC EFFECT OF COARCTATION 

EXPER- 

IMENT 

NUMDER 

Control blood 
presauro* 

Control blood 
prossuro under 
nncsthc.ain 

Renal blood 
fllowt 

Rcnnl inulin 
clearancot 

Filtration frac- 
tion 

Femoral blood 
prossuro 

8 

“cj ^ 

K 

Renal inulin 
clcaranco 

Filtration frac- 
tion 

Maximal femoral 
blood pressure 
after constric- 
tion 

Duration of hy- 
pertension 

Renal blood flow 
(73 lira post 
aortic constric- 
tion) 

Renal inulin 
clcaranco (72 
hrs. post aortic 
constriction) 

Filtration frac- 
tion (72 hrs. 
postaortic con- 
striction) 


Vim. 

Hg 

mm. 

Hg 



per 

cent 

mm. 

Hg 



per 

cent 

mm. 

Hg 

days 


■ 

per 

cent 

Ic 

135/100 

140/110 

354 

94.2 

30.3 

110/100 



27.6 


7 


■ 


2c 

125/85 

130/90 

205 

42.5 

30.3 

105/95 

247 

43.5 

32.1 

138/118 

14 


Hi 


3c 


130/90 

230 


34.2 

80/75 

mm 

45.3 

33.1 


14 

210 

EQ 

36.8 

4c§ 

1 ! 

140/95 

104 

28.6 

20.7 

105/95 

158.6 

22.2 

21.4 

1 mm 

12 

173 

mm 

37.0 

5c 

113 ^ 

140/OS 

221 

52.4 

32.4 

105/95 


38.2 

16.9 


0 

312 

72.0 

33.9 

Average 

130/90 

136/96 

236 

54.3 

33.1 

101/92 

251.9 

42.5 

26.2 

135/121 






• All blood pressures obtained from right femoral artery with Hamilton Blood Pressure Apparatus, 
t Calculated ns the diodrast clearance in cubic centimeters per minute per square meter of surface area 
divided by tbe hematocrit plasma volume percentage. 

t Calculated as the inulin clearance in cubic centimeters per minute per square meter of surface area. 

§ Kidney previously denen-ated. 

was inserted into the femoral artery and the tube connected to the aortic 
clamp was turned until there was a reduction of 20 to 30 mm. Hg in the 
mean femoral pressure. After 10 minutes a second renal blood flow and 
inulin clearance determination was performed over a 30 minute interval. 
The tube was then disengaged from the aortic clamp by means of a plunger 
insertion, allowing the clamp to remain encircling and compressing the 
aorta. The femoral blood pressure of the five animals was followed daily, 
and in three of the five dogs a repeat renal blood flow and inulin clearance 
determination was performed 72 hours after aortic constriction. The 
renal blood flow and inulin clearance values, adjusted to one square meter 
of surface area, are given in table 3. 
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Results. As table 3 indicates, tliis degree of aortic constriction affected 
specifically the systolic phase of the blood pressure causing an average 
decrease of 77.5 per cent in the pulse pressure. Despite the fall in the 
mean and pulse pressure, it Anil be observed that the average renal blood 
floAV in the five dogs shoAA’ed a slight increase (aA’^erage increase, G per cent) 
follo\A'ing the reduction in the renal blood prc.ssure by aortic constriction, 
although this increase was not considered significant. The inulin clearance 
and filtration fraction fell immcdiatclj’’ after tlie constriction as had already 
been observed in the acute c.xperinients. But Avhen these fiA*e dogs AA'ere 
allowed to sur\'i\'e, it Avas found that four of them developed a chronic 
hypertension (see table 3), usually manifested as a rise in the diastolic 
pressure one to tAvo da 3 AS folloAnng the application of flic clamp. The 
production of hi’-pertension lias been reported (20) to occur folloAAing 
constriction of the aorta aboA'c the renal arteries, and Steele (21, 22) 
pointed out that in this tj^ie of hj’-pertension the diastolic increased more 
than the .S3’^stolic phase, if the jirc-ssure Averc obtained from the femoral 
arter3^ 

In tluee of these chronic dogs, the diodrast and inulin clearances were 
repeated tind, although tAvo of these dogs (3-c, 4-c) Averc h3^pertensive at 
the time of the determinations, there Avas no significant renal ischemia 
present in the three dogs examined. There Avas, hoAvever, an increase in 
the inulin clearance in tivo, and an increase in the filtration fraction in 
all three. 

Discussion. The obserA’-ations obtained from the experiments described 
aboA’-e, indicate that a reduction in the renal arteiy pressure (both mean 
and pulse), is folloAved by a renal A'^asodilatation, and a fall in the glomerular 
filtration rate. If the fall in pressure is not too great, there AAdll be no 
immediate ischemia. During this period of reduced renal arter 3 ’' pressure 
and glomerular filtration rate, a humoral substance, capable of neutraliza- 
tion by a kidne 3 ’’ AAath normal hemodyaiamics, appears to be formed. This 
substance in turn apparently effects a glomerular efferent arteriolar spasm 
causing a delayed ischemia Avliich occurs CA^en after the release of the aortic 
constriction. It is important to point out that renal ischemia does not 
appear necessaiy for the production of this substance. 

H 3 rpertension Avas produced in four out of five dogs b 3 ’’ moderate con- 
striction of the aorta above the renal artery orifice. HoAveA’’er, no ischemia 
was observed either immediately after the constriction of the aorta or 
three days later when a systemic h 3 T 3 ertension was present. Fro7n these 
observaiio7is it appears that renal ischemia is Tieither the initiaimg nor the 
maintaming factor in experimental hype7’tensio7i. 

In all the dogs, howm’^er, there Avas eAudence of increased glomerular 
efferent arteriolar spasm, and it was believed that the renal ischemia occur- 
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ring secondarily in the acute experiments was absent in the chronic experi- 
ments because of the rise in the systemic blood pressure in the hypertensive 
dogs. In other words, it is highly probable that renal ischemia in experi- 
mental hypertension of this type is not only a secondary phenomenon, but 
may even be absent if the systemic pressure rises high enough to overcome 
the increased glomerular efferent arteriolar spasm produced by the humoral 
substance of the deranged Iddney. Considered from tliis viewpoint, the 
presence or absence of renal ischemia in experimental h 3 ^ertension is 
dependent upon the ratio of the amount of glomerular efferent arteriolar 
spasm to the intensity of the systemic hypertension. The following dia- 
gram illustrates the probable changes occurring in experimental hyper- 
tension as suggested by our results. 

DIAGRAM 1 


'1. Renal Vasodilatation > 

(Immediate) 

(a) Glomerular Efferent 
Arteriolar Dilatation 

(b) Glomerular Afferent 

Reduced Renal Artery Pressure > Arteriolar Dilatation (?) 

(Me.an and Pulse) 

2. Formation of Humoral Substance 
I ^ (Immediate-Delayed) 


”1) Maintenance of Norma 
Renal Flow 

(Immediate) 


2) Reduction in Glomeriuar 
Filtration 

(Immediate' 








/ 





A. Glomerular Efferent Arteriolar Spasm 
(Delayed-Chronic) 




B. Sj-steraic Hypertension 
(Delayed-Chronic) 


Renal Ischemia Normal Renal Flow 
(If A > B) (If B > A) 


SUMMARY AND CONCLUSIONS 

1. The renal hemodynamics and systemic blood pressure were studied 
following aortic constriction above and between the renal artery aortic 
orifices. 

2. It was found that renal ischemia is not necessary for the initiation or 
maintenance of a chronic (renal) experimental hypertension. 


Note: The authors wash to express their thanks to P. Blakesley, H. L. 
Newman, E. MacNaughton and J. Smith for their aid in the execution of 
this problem. 
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I. The Effect of Desoxycoriicosterone Acetate upon Blood Pressure and 
Plasma Volume. Potent adrenal cortical extracts, even in large amounts, 
will not induce either a transient or persistent elevation in blood pressme 
above normal levels in man or animals (1). Within recent years, however, 
several clinical investigators have reported that the synthetic adrenal 
hormone D.C.A. (desoxycorticosterone acetate) may cause hypertension 
in the Addison’s disease patient (2, 3, 4, 5). Elevations in pressure have 
also been observed in normal dogs and rats following its use (1, 6). Since 
the Addison’s disease patient on D.C.A. therapy also shows a striking 
increase in plasma volume (2, 3, 4), the elevation of pressure might be 
assumed to be dependent in some manner upon the volume rise. The 
first section of the present study is concerned vdth this possible relation 
between blood volume and pressure changes in adrenalectomized and intact 
dogs given D.C.A. 

Blood pressures were determined by the intra-arterial needle puncture 
method (7) mthout anesthesia, all animals being table trained. Plasma 
volumes were measured by the blue dye T-1824 (8). The dogs were fed a 
constant diet of Ken-L-Ration with a supplement of 2 grams NaCl. With 
this dietary regime, the maintenance dose of D.C.A.^ was from 0.25 to 
0.5 mgm. per dog per day, in the interval between experiments. 

A. Blood pressure. Daily injections of D.C.A. induced, after a lag period 
of about 48 hours, a slow but progressive rise in arterial pressure, reaching 
a peak within 6 to 13 days (table 1, fig. 1). With continued treatment, 
the pressure might show a slight regression or be maintained at this peak 
level. In all cases it stabilized at some 20 to 30 mm. Hg above the normal. 

1 Part of the expenses of this investigation were defrayed by Julian M. Livingston 
of New Rochelle, N. Y. 

2 The desoxycorticosterone (percorten) used in these experiments was supplied 
through the generosity of Ciba Pharmaceutical Products, Inc. 
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When cortical extract was substituted, the pressure slowly declined to 
normal or near normal within 7 to 10 days. 

Of seven adrenalectomized dogs .studied, we have observed but one which 
failed to show this elevation in blood pressure (dog 7, table 1). One 
other animal, observed through four continuous cycles of D.C.A. therapy 
and cortical extract substitution, failed to show a significant rise in pressure 
on the third cycle, but did show a full rise later (fig. 3). With the possible 

TABLE 1 


Blood pressure and plasma volume changes in adrcnalectomizcd and inlacl dogs placed 

on D.C.A. therapy 



OK COUTICAI, IIXTUACT 

OK 

soa 

Plaamn 

volume 

Plrisme 

volume 

Blood 

pre5surc 

Dosace 

1 

1 Plnsma 
volume 

Plnjma ! 
volume i 

Time i 
<0 vol. 1 
peak j 

Blood 1 
pressure | 

Time to 
pressure 
peak 


Adrenalccfomized dogs 



CC. 

CC. per 
kgm. 

7nm, Hr 

mgrTt, 

CC. 

CC. per 

dai/s 

mm, Hff 

days 

1 

490 

46.2 

102 

0.5 

591 

54.7 

4 

126 

10 

2 

420 

46.2 

100 

0.5 

5SS 

60.6 

4 


6 

3 

721 

55.9 

104 

1 

S4S 

61.4 

4 

129 

13 

4 

500 

50.0 

100 

1 

799 

74.0 

6 

147 

10 

0 

459 

52.5 

100 

2 

630 

70.S 

5 

122 

S 

6 

568 

44.4 

104 

5 

732 

55.0 

6 

118 

8 

7 

597 

55.3 

105 

5 

656 

60.2 

7 

110 

13 

Ave. 

536 

50.1 

102 


692 

62.4 

5 

124 

10 


Intact dogs 


4 

659 

614 

485 

621 

46.4 

57.4 
54.8 

56.5 

II 

2 

2 

4 

5 

70S 

701 

552 

632 

52.8 

60.9 
67.3 
60.0 

12 

10 

14 

S 

128 

120 

120 

108 

12 

10 

14 

Ave. 

595 

53.8 

1 110 


648 

! 60.2 

1 


119 



exception of this latter animal, a positive correlation between D.C.A. 
dosage and the extent of the pressure rise was not observed (table 1). 

The dog Avith intact adrenal glands, giA'^en equivalent daily doses of 
D.C.A., also shows a definite tendency toAA'ard an eleA'^ated blood pressure, 
but the change Avas neither as marked nor as regular as in the adrenalec- 
tomized animals (table 1 and fig. 2). 

B. Plasma volume. The adrenalectomized dog placed on D.C.A. therapy 
shoAA’ed a plasma Amlume gain AAothin the first 24 to 28 hours. A definite 
peak Avas reached in 3 to 7 days, after which, despite the continuance of 
D.C.A. therapy, the volume usually declined, to stabilize at 5 to 10 cc. 
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per kgm. body weight above the normal (fig. 1). An occasional dog has 
shown a spontaneous decline to normal after 20 to 30 days of D.C.A. 
therapy. The plasma volume changes have not appeared to be neces- 
sarily correlated with the dosage employed. 

The intact dogs were apparently not as sensitive to D.C.A. as the dog 
lacldng adrenals in so far as plasma volume increases are concerned (fig. 
2). Two of four dogs studied showed plasma volume increases, while 
the others revealed no change despite prolonged treatment with relatively 



BUa^frrijurc ani TllSInaVcUtne CtlhjCt in A JrfndtcteYnixc J 
Bog ohUCA *ni Corticsl EntrSet Thfrapy 



large doses. One of the two dogs which failed to respond, was later adre- 
nalectomized, and treated continually with a D.C.A. dosage of 5 mgm. per 
day. In spite of this high dosage, still no change in volume was observed 
(dog 4, table 1). 

It might be assumed that the persistent elevation in blood pressure 
which follows use of D.C.A. therapy was dependent upon the rise in plasma 
volume. That this is not necessarily true is indicated by several facts: 
1, the plasma volume rise always precedes the pressure rise; 2, by the time 
the peak of the pressure rise has been attained, the plasma volume has 


PJastna Valuma cc./Kjm. 
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significantly declined; 3, the plasma volume ma}' increase without an 
accompanying pressure rise, and we have also observed dogs wliich ex- 
hibited a Avell marked pressure rise without significant change in the plasma 
volume (fig. 3, cycles 3-^1); 4, in those cases where D.C.A, therapy is long 
continued, the plasma volume may decline to normal while the pre.ssure 
remains high; 5, when cortical extract is substituted for D.C.A., the plasma 
volume has invariably returned to normal, while the pressure may remain 
somewhat above normal. It would seem, therefore, that the factors re- 
sponsible for the persistent high blood pi-cssure arc more complex than a 
simple dependence of the blood pressure upon the plasma volume. 

Grollman, Harrison and Williams (1) have suggested that the h 5 ’pertcn- 
sive effect of D.C.A. may be due to a toxic action of steroids on the kidney. 
This idea is not supported by these experiments, however, 1. The adre- 
nalectomized dog receiving D.C.A. u.suall 3 " shows a return to normal 
blood pressure levels when cortical e.xtract is sulxstituted. Study of elec- 
troljde concentrations, blood volume, and hemoconcentration, have re- 
vealed that the pressure fall was not due to inadequate extract dosage. 
Return to normal pressure le^'cls was obseiwed in all except one dog, and 
the length of time the animal had been receiving D.C.A. and the number 
of times the pressure had been elevated, seemed not to affect the outcome 
(fig. 3). 2. The intact dog exhibits a smaller response to D.C.A. than 
does the adrenalectomized animal. 3. In the face of a possible renal 
damage, one might perhaps expect a rise in blood urea nitrogen with D.C.A. 
therapy, whereas the reverse is usuallj’’ true. It would seem that kidney 
damage is not of primaiy importance in producing the persistent elevation 
of pressure, 

II. The Effect of Transfusing Blood Serum from Normal Dogs into Adre- 
nalectomized Animah. The wi’iters have repeatedly called attention to 
certain disabilities of the peripheral circulation of adrenalectomized dogs 
not receiving cortical hormone therapy. Among other changes, these 
animals appear to show mm’ked atony of the capillaries resulting in periph- 
eral stagnation, pooling of blood, anoxemia and increased permeability 
(9, 10, 11, 12). Much of the evidence for this view has been of an indirect 
nature. In the following experiments, increased permeability of the 
capillaries of the adrenalectomized dog apparently can be readily demon- 
strated. The experiments reveal, in a striking maimer, the effect of cortical 
extract and D.C.A. in restoring to normal the capillary circulation. 

Sterile blood serum, collected from large normal dogs, was infused into 
the jugular vein at a rate of 3 to 4 cc. per minute, the temperature of the 
serum being maintained at 37°C. throughout. "^Tierever possible serum 
obtained from the donor animal was divided into two portions and given 
to an adrenalectomized and a normal control recipient. The inteiwal 
between withdrawal of blood and transfusion of the serum was approxi- 
mately fifty minutes. The amount of serum given was 160 cc. 



DESOXYCORTICOSTERONE ACETATE AFTER ADRENALECTOMY 507 


A. Adremlectomized dogs receiving daily maintenance doses of cortical 
extract. Both intact dogs, not receiving therapy of any kind and the 
active, vigorous, adrenalectomized animal, receiving daily maintenance 
doses of cortical extract show no symptoms of chculatory failure or signs 
of edema when given serum transfusions. A representative case of the 
series of adrenalectomized dogs receiving maintenance extract is shovm 

2 (dog 4). The blood pressure rose while the transfusion was in 
^^^^'progress but declined to the normal level within two hours. Hematocrit 
and hemoglobin values indicated a hemodilution at the end of the trans- 
fusion, of the order to be expected if the injected serum was largely retained 
in the circulation. At the end of two hours both hemoglobin and hemato- 
crit had retui'ned to pre-transfusion levels. The evidence seems perfectly 
clear that both the intact dog and adrenalectomized animal receiving ade- 
quate maintenance extract do not differ in their responses to serum 
transfusion. 

B. Dogs showing mild adrenal insufficiency. Six dogs were used in this 
study. The daily maintenance injections of cortical extract, or D.C.A., 
were discontinued and the animals permitted to develop nuld degrees of 
insufficiency. The interval between the time of extract withdrawal and 
development of symptoms varied, but was considerably longer for those 
animals maintained on D.C.A. in oil for an extensive period of time than 
for animals receiving extract. 

With the exception of dog 1, table 2, all animals were eating full rations 
when used as recipients for the transfused serum. "V^Tien the arterial pres- 
sure had dechned to 75 to 80 mm. Hg the transfusions were started. At 
that time the average plasma volume loss, as determined by the dye 
method, was 125 cc. per dog. The average loss as derived from hemato- 
crit and hemoglobin values was 190 cc. Therefore, a transfusion of 160 
cc. was used in all cases. 

The animals (table 2) showed a pressure rise varying from 5 to 15 mm. 
Hg during the fh'st stage of the transfusion, which usually persisted until 
80 to 100 cc. of serum had been injected. In two cases, the pressure re- 
mained at the initial level or above until the end of the transfusion (table 
2, dog 2). In four cases, it had declined below the starting level by the 
conclusion of the transfusion. Regardless of whether the arterial pressure 
was at the starting level or not, it invariably declined to shock levels within 
2 to 7 homs. Five of six animals exhibited chculatoiy failure within 2 
hours of the completion of the transfusion, so that it was necessary to 
administer cortical extract to revive them. 

The transfused adrenalectomized animals aU developed edema, especially 
marked around the eyes, hps and ears. Two animals also showed edema 
of the legs, abdominal wall and scrotal sacs. One dog which had pre- 
viously received an injection of dye for a plasma volume determination, 
exhibited blue stained edematous areas scattered over the body. The 
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TABLE 2 


The effect of transfusing normal blood scrutti into adrcnalcctomizcd dogs 


DOa 

DATE 

TIME 

H 

S 

M . 

z 

a 

o 

o 

p 

1 

HE.MATOCUIT 

2 

o 

S 

o 

IlEMAnKS 





per 

per 

fftn. 





Rk 

tMtn- 

ute 

cent 

per 

cent 


Dog 1 

2/14 

10:00 a.in. 

114 

68 

32.2 

13.6 

1 Discontinued maintenance D.C.A. 

13.4 kgm. 







thcrap 3 ' 


2/23 

3:50 p.m. 

6S 

52 

53.0 

18.5 

: Started scrum transfusion 



4:30 p.m. 

56 

112 

56.1 

19.2 

1 Finished transfusion (160 cc.). la 


j 






collapse, massive edema ej'cs and 








lips 



6:45 p.m. 

52 

68 



Edema more severe 



11:30 p.m. 

47 

72 



Complete collapse. Given 5 mgm. 








D.C.A. 


2/24 

9:30 a.m. 

57 

72 



Stronger, edema disappeared. 








Given 2 mgm. D.C.A. per daj^ 


2/27 

9:30 a.m. 

1 

102 

92 

37.0' 

1 

14.7 

Normal 

Dog 2 

5/31 

10:00 a.m. 

102 

SO 


9.1 

Discontinued maintenance cortical 

13.1 kgm. 





i 


extract 


6/5 

6:00 p.m. 

75 

112 1 

45.2 

10.8 

Started serum transfusion 



6:42 p.m. 

90 

96 

41.8 

10. 2* 

Finished transfusion (160 cc.). One 




1 

1 




hour later dog showed progres- 








sive edema of face, neck and legs 



8:45 p.m. 

46 

88 

46.2 

11.3 

Complete collapse. Marked 








edema. Injected cortical ex- 






1 


tract 


6/6 

12:15 p.m. 

75 

104 

34.2 

9.9 

All sj^mptoms and edema disap- 








peered. Started second serum 








transfusion 


1 

12:45 p.m. 

102 

84 



Finished ’transfusion (160 cc.). No 


1 

1 






symptoms 



3:00 p.m. 

108 

78 

32.8 

9.0 

Normal, no sj^mptoms or edema 

Dog 3 

6/7 

10:00 a.m. 

104 

68 

44.1 

13.5 

Discontinued maintenance cortical 

10.7 kgm. 







extract 


6/10 

3:20 p.m. 

74 

124 

47.1 

13.8 

Started serum transfusion 



3:45 p.m. 

87 

146 



Received 80 cc. 



4:00 p.m. 

58 

116 ■ 

49.8: 

14.2 

Finished transfusion (160 cc.). 








Marked edema of face, legs and 








scrotum 



6:00 p.m. 

46 

132 ; 

52.4: 

15.8 

Verj’- weak, marked edema. In- 








jected cortical extract 


j 

9:40 p.m. 

82 

104 ■ 

48.2: 

14.1 

Marked improvement, edema al- 








most disappeared 
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TABLE 2 — Concluded 


DOG 

! 

i 

a 

< 

P 

TIME 

C 

K 

P 

m 

QQ 

u 

C-, 

p 

o 
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p 

p 

P 

m 

p 

P 

fu 
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S 

u 

O 

H 

< 
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o 

p 
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o 

& 

nEilAHKS 




■mm. 1 

per 

per 

gm. 





Hg 

min-' 

Hie 

cent 

per 

cent 


Dog. 3 — 

6/11 

1:45 p.m. 

84 

76 


12.6 

Edema almost gone, started second 

Cont. 







transfusion 



2:30 p.m. 

88 

76 


13.5 

Einished transfusion (160 cc.). 








Depressed, no further edema 



4:30 p.m. 

84 

100 

EBIP] 

13.5 

No symptoms, active 


6/12 

9:35 a.m. 

98 

80 



Normal 

Dog 4 

6/6 


112 

70 


8.3 

On maintenance cortical extract. 

9.5 kgm. 







Started transfusion 




122 

80 

23.8 

6.6 

Finished transfusion (160 cc.). 








No symptoms 





76 

29.9 

8.1 

No symptoms, no edema, normal 


edema showed significant decrease wdthin 2 hours after cortical extract 
was administered intravenously and, with the exception of one animal, had 
completely disappeared within 24 hours. 

Only two dogs showed a hemodilution, slight in extent, at the end of 
the transfusion. The other four dogs either failed to show dilution or 
actually showed a blood concentration, and all dogs showed hemoconcen- 
tration two hours after the completion of the transfusion. There was no 
evidence that the transfused serum remained in circulation; on the contrary, 
the e-\ddence all pointed to the conclusion that even much of the serum in 
circulation previous to the transfusion had also been lost. 

Two of the transfused dogs died; the others were restored to normal 
health by cortical extract or D.C.A. injections when they were in collapse. 
The animals receiving extract made a very rapid recovery with demon 
strable improvement in the circulation ■nothin 2 hours. Since D.C.A. in 
oil, injected intramuscularly, required a longer time for absorption, the 
recovery of D.C.A. treated animals was less dramatic (table 2, dog 1). 

C. Tramfumon of extract treated adrenalectomized dogs during recovery 
from circulatory colla-pse. Three dogs which had received serum trans- 
fusions on the previous day, and had developed circulatory collapse neces- 
sitating administration of cortical extract, were again transfused during 
the recovery phase. At this time the blood pressure had risen from shock 
levels to about the same level to which it had fallen prior to the first trans- 
fusion (table 2, dogs 2 and 3). After the second transfusion, no signs of 
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circulatoiy embarrassment or edema appeared. The blood pressure of 
two animals rose to, and remained normal throughout the transfusion and 
thereafter, and the blood was diluted as evidenced by decreases in hemo- 
globin and hematocrit levels (table 2, dog 2). One animal (table 2, dog 3) 
of this series showed some edema still persisting from the transfusion of 
the previous day, when given the second serum transfusion. The animal 
responded to the transfusion without aggravation of the edema or evidence 
of strain on the circulation, although some hemoconcentration took place. 

The chief point of interest is that when cortical hormone was present, 
even though the blood pressure was low at the beginning of the trans- 
fusion, the response of the animal was essentially similar to that of the 
intact dog and quite different from the response seen the day before in the 
•same animal, when no hormone was available. 

Discussion. The fact that potent cortical extract will not cause eleva- 
tion of blood pressure above normal, indicates that the efficiency of D.C.A. 
in this respect is due to some intrinsic property of this steroid. Other 
steroids of the cortex are not known to produce this effect, in the dog, at 
any rate. However, Grollman, Harrison and Williams (1) state that the 
“hypertensive” effect of D.C.A. is not specific for the normal rat. Al- 
though Reichstein and Euw (13) isolated D.C.A. from cortical extracts, it 
is apparently present in smaller quantities than the other steroids known to 
possess physiological acti^dty. Tlie extremelj’’ low concentration of D.C.A. 
in crude extract may perhaps explain the inability of the latter to cause 
persistent elevation of the pressure above normal. The writers have 
elsewhere (9, 10, 11, 12) presented evidence that D.C.A. is highly effective 
in maintaining the functional integrity of the peripheral vasculature of the 
adrenalectomized dog. It apparently prevents atony of the arterioles and 
capillaries and seems to maintain the normal permeability of the latter. 
D.C.A. when used as a prophylactic fore-treatment, will prevent the ch- 
eulatory failure which invariably follows various shock inducing pro- 
cedures in adrenalectomized dogs, and will restore to normal the collapsed 
circulation once it has developed (12, 14). It seems possible, therefore, 
that this steroid may induce persistent “hypertension” in adrenalectomized 
dogs by reason of the cumulative action of several factors: 1, increase in 
plasma volume; 2, increase in the inherent tone of the peripheral vessels. 

Evidence from the serum transfusion experiments indicates that cortical 
hormones are probably concerned with maintenance of normal capillary 
permeability. It is surprising that transfused serimi should so rapidly 
leak through the capillaries of the adrenalectomized dog carrying with it 
much of the animal’s own blood fluid, thereby leading to rapid circulatory 
failure and edema. Since such changes do not occur in the transfused 
intact dog, or the adrenalectomized animal receiving maintenance extract, 
and are readily corrected by cortical hormones, it is apparent that they 
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must be due to cortical hormone deficiency somehow affecting the per- 
meability of the capillaries. However, there is always the possibility that 
the adrenalectomized dog not receiving extract, and without hormone 
reserves, is peculiarly sensitive to normal blood serum or perhaps to hypo- 
thetical substances which might form during the course of its preparation 
for transfusion. Menkin (15) has shown that cortical extracts, wholly or 
in part, vdll inhibit the effect of substances such as leukotaxine which 
increase capillary permeability in intact animals. 

SUMMARY 

1. Potent adrenal cortical extracts will not induce elevation of blood 
pressure above normal levels in either intact or adrenalectomized dogs. 

2. Desoxycorticosterone acetate causes persistent elevation above normal 
of both blood pressure and plasma volume of the adrenalectomized 
dog. The effect of comparable dosage upon blood pressure and plasma 
volume of the intact dog is less consistent and str ikin g. 

3. There appears to be little if any correlation between D.C.A. dosage 
employed and extent of the blood pressure rise when doses of more than 
0.5 mgm. per dog per day are used. 

4. The blood pressure rise which follows D.C.A. therapy in adrenalec- 
tomized dogs, is usually associated with an increase in plasma volume, 
but the blood pressure elevation is not necessarily dependent upon the 
increased plasma volume. 

5. Transfusion of blood serum of normal dogs into other normal dogs and 
into adrenalectomized animals recehdng adequate maintenance doses of 
cortical extract or D.C.A. does not induce symptoms of any kind. Similar 
transfusions of serum into adrenalectomized dogs not receiving extract 
or D.C.A. therapy promptly lead to circulatory collapse accompanied 
by edema. Injection of exti-act causes disappearance of edema within a 
few hours and the blood pressure slowly rises to normal levels with dis- 
appearance of all symptoms. 

6. Adrenalectomized dogs with lowered blood pressure can be transfused 
with serum without circulatory embarrassment or signs of edema if given 
cortical extract or D.C.A. before transfusion. 

7. The experiments on serum transfusion offer supportive evidence for 
the view that the permeability of the capillaries is markedly increased in 
the adrenalectomized dog not receiving extract and that cortical hormones 
restore the peimeability of these vessels to normal. 
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It has been recently shown that the occurrence of fractionate contraction 
at different regions on the surface of the dog’s heart is coincident, within 
the limits of error of measurement, with the main peak of the differential 
potential-time cuiwe recorded from the same region^ (1), The differential 
curve thus offers an accurate means for mapping the sequence of onset of 
contraction at different surface regions. This report is concerned with 
the determination in this way of the sequence of onset of contractions on 
the surface of the right auricle and the ventricles of the dog’s heart. 

Methods. The differential electrodes used were made up of two zinc 
zinc-sulphate electrodes provided vdth a common wick and mounted close 
together. The wick was held stretched in the form of a V and in contact 
vith the heart surface by means of a thread passed through it. The elec- 
trode was connected through a direct current amplifier to a cathode ray 
oscillograph. A reference curve was recorded simultaneously by means 
of a unipolar lead, usuallj'- from the apex of the right auricle or the apex 
of the left ventricle, connecting to a second amplifier and oscillograph. 
Recording was made on 35 mm. unperforated film, driven at a speed of 
110 mm. per second. Measurements were made in a comparator with 
40 X magnification. 

RESUiiTS. The relative times of occurrence of the main differential 
peak from various surface regions on the anterior surface of the right 
auricle and the anterior surface of the two ventricles are given in the 
figure. In each case they represent the average from the data of seven 
experiments. Very definite differences in time of onset of fractionate con- 
traction in different regions are apparent. The interval between the first 
and last regions involved is of the order of 0.03 sec. for the auricle and 
0.02 sec. for the ventricles. The first regions entering into fractionate 

1 Supported in part by a grant from the Wisconsin Alumni Research Foundation. 

z The term “fractionate contraction” was introduced by C. J. Wiggers (2) to 
designate local contraction of regions of heart muscle as distinguished from contrac- 
tion of the chamber as a whole, as recorded by the usual suspension methods. 
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contraction on the surface of the right auricle arc tliose contiguous to the 
upper part of the sulcus terminalis and from here contraction proceeds in 
rather regular fashion to the appendage and downward to the auriculo- 
vcntricular junction. In the ventricles, the first surface contractions ap- 
pear on the right ventricle contiguous to the inter-vcntricular groove. 
Other regions enter into contraction in a manner which fails to show anj’ 
evidence for a progressive involvement such as exists in the right auricle. 
In general, the surface of the right ventricle becomes involved before that 
of the left, with the exception of the conus of the pulmonary* artor}', which 
always enters into contraction late. 



ANTERIOR SURFACE RIGHT AURICLE 

OF VENTRICLES 

Fig. 1 

We have also recorded, in a few experiments, the relative time of occur, 
rence of the main differential peaks from the posterior surface of the ven- 
tricles. These follow the same general pattern as on the anterior surface- 
indicating early contraction along the inter-ventricular sulcus and involve- 
ment in general of the right before the left ventricle. 

Discussion. Pre^^ous Avork in this field has been concerned with at- 
tempts to determine an electrical state which signals the occurrence of 
the “impulse” of “excitation process” which presumably precedes the onset 
of contraction. The criterion which has been employed in nearly all of 
this work has been the assumption that the occurrence of “excitation” 
is coincident with a local fall of potential or state of “negativity.” This 
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electrical state was supposed to spread over the muscle in the form of a 
“wave of negatmty” coincident at all regions with the “impulse.” Several 
different methods have been emploj'^ed by Avorkers in this field. In many 
cases bipolar leads from two separate regions on the heart surface have 
been used, in spite of the fact that the fallacies inherent in this method 
are obAuous (3). Bipolar curves are composites of the potential changes 
under each electrode and it is impossible to resolve them into their two 
components. A feAv Avorkers have used unipolar leads (4, 5), the indifferent 
electrode being placed on the chest Avail or on a leg. The relative times 
of occurrence of maximum negativity at A’'arious regions Avere determined 
by reference to a constant cuiwe, usually an electrocardiogram, recorded 
simultaneously. In efforts to determine the maximum state of electrical 
negatmty in a region, the “monophasic action current,” obtained from 
leads from an injured and an uninjured region on the heart .surface, has 
been used (6) under the false assumption that the curve results from the 
deA'^elopment of a negative electrical state at the uninjured region (7). 

The differential electrode, of the type emplojnd by us in the present 
Avork, was first suggested and emploj’^ed by Clement (8) and later by 
Erfmann (9). The current floAv in the differential electrode is small and 
it was difficult to obtain satisfactory curves Avith the unamplified string 
galvanometers, Avhich these investigators employed. The criterion used 
for the occurrence of excitation Avas apparently the start of the differential 
curve, but deductions as to the spread of the “Avave of excitation” were 
made from the form of the recorded curAi'es. 

It is obvious from recent work that Ave have no proven criterion at 
present for the determination of the onset of the state of excitation, if it 
is assumed that this state precedes the onset of contraction. The onset 
of fractionate contraction in a region is hoAvever accompanied by an elec- 
trical state defined by tAvo types of electrical cuiwes that ma}'^ be recorded, 
the unipolar and differential potential-time curves. The onset of con- 
traction is coincident or nearly coincident AAuth the occurrence of the most 
rapid time rate of change of potential in the region as indicated by the 
unipolar curve and by the maximum floAv of electrical current as indicated 
by the maximum potential of the differential curve. In practice the latter 
is more easily identified and is the preferable curve for the determination 
of the sequence of occurrence of fractionate contraction at different regions 
of the heart surface. It is to be noted that the start of these curves is 
theoretically simultaneous from all parts of the heart and is found to be so 
proAuded sufficient sensitivity of the recording apparatus is employed. 
The occurrence of the eA'^ents on these curA'-es noted above as associated 
with fractionate contraction in the region occurs at different times in differ- 
ent regions. Presumably, the state of “excitation” in a region begins at 
some instant AAffiich precedes the occuirence of the maximum time rate of 
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potential change, as indicated bj' the unipolar curve and the occurrence 
of the maximum peak of the difTercntial curve, ))nt ve do not at present 
know what point, if any, on tliese or any other electrical curves recorded 
from the heart, signals this instant.. There is certainl.y no ^•alid reason 
to associate it with maximum “negativity” or “po.sitivity” of the region, 
since either state ma}’ precede or follow the oirset of fractionate contraction 
in the region. 


SUM.MARV 

Tlic sequence of occurrence of fractionate contraction at the difiercnt 
surface regioas of the right auricle and ventricles of the dog’s heart is 
determined b}" recording differential potential-time curr'^es from the various 
regions along with a constant reference curve. The results are indicated 
in the accompanying figure. 

The fact that no criterion is available at present wliich can be used to 
determine the instant of “e.xcitation” of a region of heart muscle, is brought 
out and discussed. 
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The effect of an infection or inflammation on human diabetes is well 
known to clinicians and pathologists. In brief, the course of the disease 
is considerably accentuated, and to some extent the inflammatory reaction 
is intensified. There is also some evidence of a generalized fall in resis- 
tance as indicated by an augmented susceptibility to infection. The mech- 
anisms involved to explain the enhancement in the diabetic condition as 
well as the increased severity of the local inflammation have never been 
satisfactorily elucidated. 

There is evidence that the healing of surgical incisions is delayed when 
the treatment of diabetes is inadequate. This question has been recently 
studied by Bennett in depancreatized dogs subsequently deprived of in- 
sulin (1, 2). The rapid course assumed by pulmonary tuberculosis in 
diabetic patients is common knowledge (3). Sweet has pointed out that 
the serum obtained from dogs in the end stages of diabetes loses some of 
its normal bactericidal power (4). More recently Richardson has reported 
that the complement in the blood of diabetic patients does not seem to 
differ in amount from that of the blood in non-diabetics. This has been 
found true hrespective of wdiether or not infection is present. The anti- 
bacterial power of the blood of diabetic patients seems, however, reduced. 
Finally this investigator has found in diabetics inoculated with typhoid 
vaccine a diminished capacity for agglutinin formation (5). The nutri- 
tional state of experimental animals as exemplified bj’- depleted liver gly- 
cogen seems to be concerned wdth the development of a lowered agglutina- 
tive titre after administration of typhoid vaccine (6). The organs of 

^ This article represents paper XX of a series entitled "Studies on Inflammation.” 

Read before the Society for Experimental Pathology, April 18, 1941, Chicago, 
Illinois. A preliminary note appeared also in Science 93: 456, 1941. 
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depancreatized cats after cutaneous inoculation of bacteria sliow the pres- 
ence of tlie microorganisms with greater frequency than the corresponding 
organs of normal controls (7). As a result of these various studies Richard- 
son has concluded “that at least a part of the commonly recognized suscep- 
tibility of diabetics to infection might be concerned with this decreased 
power to form immune bodies as compared with normal individuals.” 

A recent survey of the literature bj' Pciia and Marmorston (3) liave led 
these authom to conclude that the hyperglycemia and the decreased sugar 
tolerance are apparentl}’" not the cause for the reduced antibod}' production. 
According to Wilder (2) resistance to infection is not diminished in a 
patient whose diabetes is well controlled and in whom nutrition is ade- 
quate. Nevertheless this author points out that a diabetic patient re- 
quires several times more insulin when infection inten'ones. Rabinowitch 
infers that an insulin-destroying enzyme is involved, e-speciall}' since pus 
cells are known to inactivate insulin in intro (S). In tliis connection, 
Jensen, in a recent monograph, has reviewed the literature indicating that 
insulin can be inactivated by proteol 3 ’tic enzymes (9). Greene and his 
collaborators (10) have recently made a comprehensive clinical study on 
the relation of delayed healing of clean and infected wounds to the height 
of the blood .sugar level. They have concluded that there is no apparent 
coimection between the height of the blood sugar level and the delayed 
healing of wounds or of infections in diabetes mellitus. 

The present series of observations represents an attempt at elucidation 
of the basic mechanism concerned in explaining enhanced diabetes con- 
comitant with inflanunation. The results indicate that the excessive 
hyperglycemia seems referable to an increased proteol 3 ’'sis at the site of 
inflammation. The deamination of the split protein molecule favors the 
formation of a surplus of glucose which in turn graduall}' diffuses into the 
circulating blood stream. The enhanced local proteoR'^sis induces severe 
tissue damage thus offering an explanation for the intensified degree of 
inflammation. The increased protein catabolism as well as the increased 
formation of sugar in the inflamed area can be readil}'^ controlled b}’’ ad- 
ministration of insulin. 

Expertmental. The effect of inflammation on the blood sugar of depan- 
creaUzed dogs. An attempt was fimt made to reproduce as closely as 
possible the clinical diabetic condition with superimposed mflammation. 
All experiments were made on depancreatized dogs. It is, however, to 
be borne in mind in tliis connection that although there are man}’' obvious 
points of similarity between the human form of the disease and this t}q)e 
of experimental diabetes, nevertheless there are also several notable differ- 
ences. These have been recentl}’- i-eviewed by Long (11). 

Blood samples were 'withdrawn from the heart of a series of dogs weigh- 
ing from about 5 to 15 kgm. Blood sugar was determined b}’’ the Folin 
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method (12). Pancreatectomy was performed under nembutal anesthesia. 
All forms of nourishment with the exception of fluids in the form of skim 
milk or Avater were Avithheld from 12 to 24 hours folloAving operation. 
After that time usually 50 grams of boiled lean horse meat mixed Avith 2 
grams of sucrose and 2 grams of choline chloride formed for each of the 
tAA^o succeeding days the bulk of the solid food. Subsequently the ration 
of meat AA'as gradually increased to about 150 or even as high as 300 grams 
per day. The sucrose Avas also increased to about 3 or 4 grams dail 3 ^ In 
feAA" instances raAA" pancreas AA^as administered instead of choluie chloride. 
Insulin administration began about 12 to 24 hours following pancreatec- 
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Fig. 1. Effect of inflammation on the blood sugar of non-diabetic and of diabetic 
dogs. 


tom 3 ^ The dose of insulin consisted at first of about 3 units administered 
tAAUce daily. The quantity of insulin AA^as gradually increased to about 
10 units daily. Blood sugar determinations were made almost daily. 
After a period, usually ranging from about 6 to 12 days, insulin administra- 
tion was discontinued. After about 2 or 3 days the animal, under nembutal 
anesthesia, received an intrapleural injection of 1.5 cc. of turpentine. This, 
as described in previous studies, is a conA’-enient method of inducing an 
acute inflammatory reaction accompanied by extensive exudation (13). 
At variable intervals, ranging from about 7 to 44 hours, blood samples 
were studied for their sugar content. Similar observations AA^ere made on 
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non-diabetic dogs in which a pleural inflammation likewise had previously 
been induced by the introduction of turpentine, 

Tire results of all observations are summarized (in table 1 and graphicall 3 ’' 
illustrated in figure 1. It is clear that with a superimposed and extensive 
inflammatory reaction involving the whole of the right pleural cavitj' there 
occurs a sharp ascent in the blood sugar Icv'el. The average blood sugar 
in depancrcatized animals is 253.0 mgm. per 100 cc. prior to the injection 
of the irritant. Following the injection of the irritant there is a rapid 
and sharp rise averaging 4G9.1 mgm. This is an average increase in blood 
sugar of 85.4 per cent. With administration of insulin throughout the 

TABLE 1 


The effect of inflammation on the blood sugar of diabetic and non-diabetic dogs 


KUMHEIt 

j ntrrtATios’ or inflamma- 
1 TIOX 

niAiiETic noos 

NOK-DIABETIC DOGS 

Di.ibctic 

dogs 

Non- 

difibotic 

dogs 

Dmbclic 

dog 

Non- 
din bctic 
dog 

Dlood BUgnr 
prior to tbi> 
introduction 
of the 
irritant 

Blood sugar 
suliscqucnt 
to tlio injec- 
tion of tlio 
irritant 

Blood sugar 
prior to the 
introduction 
of the 
irritant 

Blood sugar 
subsequent 
to the injec- 
tion of the 
irritant 




firs.tmins. 


mpm./lOO cc. 

mpm./JOO cc. 

msn.llOO cc. 

mpm./lOO ee. 

1 

9 


7:20 

6:23 

311.7 

•197. 3 

J20.3 

95.9 

2 

9 


9:20 

21:50 

224.1 

269.2 


118.1 

3 

10 


15:45 

10:40 

257.1 

522.2 

112.9 

83.8 

4 

11 


24:30 

23:00 

240.9 

412.4 

71.4 

74.8 

5 

12 


25:15 

23:10 

163.3 

312.8 

69.8 

55.6 

6 

13 


25:18 

24:45 

257.4 

630.9 

81.7 

111.1 

7 

14 


33:32 

24:50 

335.3 

442.9 

63.7 

1 64.2 

8 

15 


14:00 

25:05 

234.0 

482.0 

69.3 

70.8 

8 

16 


44:15 

42:45 


652.5 


108.1 


17* 



6:15 



81.0 

57.2 

Average 

253.0 

469.1 

83.8 

84.0 


* Splenectomized two da 5 's prior to injection of irritant. 


period of the experiment, as will be pointed out later on, this rise is wholly 
inhibited (fig. 1). 

On the other hand, control non-diabetic animals vitli pleural inflamma- 
tion fail to show* anj*" rise in blood sugar (table 1, fig. 1). Splenectomy 
was performed in one instance (see dog 17, table 1) to control for the 
operative procedure involved in pancreatectom 3 ^ The blood sugar level 
likewise failed to shotv an 3 ’' rise follow^ing the intrapleural injection of the 
irritant. 

In figure 2 the rapid rise in blood sugar following the introduction of 
an inflammatory irritant in a depancrcatized animal is compared with 
the course of the blood sugar level in a diabetic animal without an 5 '’ in- 
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duced pleurisy. It is clear that in the latter the blood sugar, though ele- 
vated, never reaches the hyperglycemic level encountered in a diabetic 
dog with a concomitant and severe inflammation. 



Fig. 2. Effect of inflammation on the blood sugar of a diabetic dog 

These results seem to duphcate quite well the change in blood sugar 
level which one observes in a diabetic patient whose clinical course is com- 
plicated by infection. 

Carbohydrate and 'protein metabolism in exudates of depancreaiized dogs. 
What is the basic mechanism wliich induces a sharp I’ise in the blood 
sugar of diabetic dogs having a superimposed pleural inflammation? There 
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is one important feature of inflammation which must first of all be con- 
sidered. One of the cardinal signs of this important manifestation of 
cellular injury, bc.sidcs the other well-known criteria obsciTcd and de- 
scribed by the early writem, i.s the phenomenon of proteoh’sis (14). 

Tlie occurrence of protein digestion in inflammatory exudates has been 
known for a long time. The products of proteolytic digestion in exudates 
were recognized by Eichwald in 1S6J, wlio reported wliat he thought was 
a peptone in pus. Friedrich Miiller (1 5) described the autolj'lic property 
of purulent exudates in tuberculosis and imeumonia. Opic (10) studied 
thoroughh' the enz 3 ’matic propert}' of cells of an exudate in digesting 
coagulated protein. According to this author the ability of phagoc\'tic 
cells to remove injurious material is dependent on the posse.ssion of pro- 
teolytic enzjTOCs. The importance of proteob'sis in inflammation was 
again stressed b}’’ the writer in his recent studies on the isolation of leuko- 
taxine (14, 17). comparing both the amino acid nitrogen and the total 
proteins of exudates with the concentrations of these same constituents 
in the blood semm, he concluded that protcob'sis forms a conspicuous 
feature of the inflammatoiy reaction. 

The formation of glj’cogen from part of the protein molecule has been 
known for a long time. Claude Bernard believed in the possibilit}’ of 
such a conversion. The subsequent work of numerous investigators at- 
tested further the truth of this belief. The experiments of WolJBfberg (IS) 
and the studies of Voit (19) substantiated to a large extent this principle. 
The theorj’- that in diabetes sugar originates in part from amino products 
was stronglj’' advocated b}" hluller (20); but the definite proof was first 
afforded bj^ Stiles and Lusk (21) and b 3 ’' Berger (22). Furtliermore, the 
studies of Neuberg and Langstein indicated that in normal rabbits the 
ingestion of alanine was followed b 3 ' the appearance of lactic acid in the 
urine (23). Ringer and Lusk (24) and Dakin and Dudle 3 ’' (25) found that 
in the plilorhizinized animal alanine is completeb'^ converted into glucose. 
In brief, these various studies demonstrated that cleavage of proteins 
through the process of deamination, is followed b 3 '’ the conversion of part 
of the protein molecule to glucose. 

Lusk (21) and his collaborators, as well as Falta, Grote and Staehelm 
(26), found an enhanced protein metabolism in dogs rendered diabetic 
whether with phlorliizin or b 3 ’- pancreatectom 3 ^ Okada and Hayashi 
found in the blood of depancreatized dogs a h 3 ’-pemminoacidemia (27). 
Similar studies on diabetic patients indicated likewise an increase in the 
amino nitrogen content of the circulating blood (28, 29, 30). The latter, 
however, could not be substantiated b}’’ Greene and his co-workers (31). 

The studies cited above indicate that in an inflamed area there is active 
proteolysis. Furthermore in the diabetic animal with increased protein 
catabolism glucose can readily originate from amino products. Therefore 
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it seems reasonable to assume that in foci of proteotysis such as exist in 
inflamed areas, the process of protein breakdown in a diabetic animal 
might possiblj’- be considerably enhanced. It seems quite immaterial whether 
one abides b}' the non-utOization or the over-production theory of diabetes 
(32). In either case gluconeogenesis from proteins could occur at the site 
of inflammation, thus allovdng for the gradual diffusion of sugar into the 
cu'culating blood. The following series of experiments indicates that this 
indeed seems to be the state of affairs. 

Blood samples were withdrawn from the heart of normal dogs. Chem- 
ical studies were undertaken to determine the level of lactic acid (33), 
sugar (34), total protein (35), non-protein nitrogen (36), urea (37), amino 
acid nitrogen (38) and pH (39). The anabdical method utilized in each 
case is indicated in the bibliographical reference. Pancreatectomy was 
then performed under nembutal anesthesia. The post-operative care, the 
method and duration of insulin administration have alreadj’- been de- 
scribed. Studies on the blood chemistry were repeated several days later 
but prior to the injection of the irritant in the pleural ca^dty. 

Samples of both exudate and blood were withdrawn at varjmg intervals 
and chemical determinations of nitrogenous and carbohydrate constituents 
were made on both types of material. At the end of the experiment the 
animal was usually sacrificed and a necropsy performed. Several animals 
received about 8 to 10 units of insulin throughout the duration of the in- 
flammation in an endeavor to determine the influence of this substance 
on proteolytic activity in an acutely inflamed area. Control studies were 
also performed on several non-diabetic dogs having an acute pleural iu- 
flammation. The results of all experiments are listed in tables 2 and 3. 
The data are graphically shown in figures 5 and 6. The results of a type 
experiment to illustrate the progressive change in protein metabolism in 
the exudate of a diabetic compared to that of a non-diabetic dog are pre- 
sented in figures 3 and 4. 

The data can be conveniently summarized as follows; The lactic acid 
of diabetic exudates averages 89.29 mgm. per 100 cc. as compared with 
58.75 mgm. in non-diabetic exudates. This represents an elevation of 
52 per cent. The administration of insulin in depancreatized animals 
completely inhibits the rise in exudate lactic acid, the average level being 
brought down to 57.84 mgm. per cent (table 3, fig. 5). The average con- 
centration of sugar in diabetic exudates is 452.4 mgm. per 100 cc. of the 
material. The level in exudates of non-depancreatized dogs averages 
78.87 mgm. There is thus an average increase of 473.6 per cent in the 
sugar content of diabetic exudates. The level is distinctly reduced with 
repeated insulin admmistration, the average figure being 191.7 mgm. of 
sugar per 100 cc. 

The observations regarding the status of protein metabolism in exudates 
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TABLE 2 

Studies on carhohydrale and nitrogenous victnholism in exudates of diabetic and non- 

diabetic dogs 
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hrs.i 
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per 
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mins. 

m 
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mo 
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m 
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cc. 
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1* 
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wm 

C:15 
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74.1 
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23:00 
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3.5 



0.9 

IS 

m 

10:35 

23:30 
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12.0 
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24:00 

44.1 

344.8 

52.0 
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49.7 


11.2 

4.9 

42.4 


0.5 

B 

20 

131 

24:25 

72. S 

427.5 

01.9 

91.2 


62.5 

42.0 

IS.O 

4.9 

30.0 


9.0 

m 

15 

30:00 

25:30 

91.0 

15.3.4 

70.2 

71.3 


98.0 


10.9 

4.3 

44 .8 


7.3 

B 

13 

3S:00 

34:15 


809. 8 

57.9 

60.9 


100.0 


11.8 

4.3 

09.0 


7.5 

B 

1C 

25: OS 

42:15 

132.2 


28.7 
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4.0 

72.2 

00.5 

12.2 

4.5 

32.0 


5.4 

G 

9 

4S:10 

24:45 

00.8 
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25.7 
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115.4 

89.0 

17.4 

4.5 

31.0 


0.7 


9 


47:50 



95.0 

52.4 

H 




5.3 

41.7 

42.5 

9.0 

Average 

89.29 

452.4 

58.75 

78. 87 

3.97 

80.03 

78.1 

12.SS 

4.64 

42.50 

1 

34.5 

7.39 


• Succumbed 25 min. after tbomcontesis. 

t Splcncctomijcd several days preceding the injection of the irritant. Died -10 min. after thoracentesis, 
t Fall in sugar may in part bo refcmblo to stan-ation. 

§ Sample of exudate withdrawn from left pleural cavity, although irritant originally introduced into 
right thoracic cavity. 


TABLE 3 

Effect of inflammation on some of the carbohydrate and nitrogenous constituents of 
exudates in depancreatized dogs treated tciih low doses of insulin 


POG 

NUMBER 

1 

1 DURATION OF 
INFLAMMATION 

1 

LACTIC 

ACID 

SUGAR 

TOTAL 
PROTEIN j 

i 

NPN 

UREA 

AMINO 

ACID 

nitrogen 



mgm./lOOcc. 

mgm./tOO cc. 

pm./lOO 

CC. 

mgm./lOO j 
cc. 1 


mffJn/lOO 

cc. 

21 


68.3 

40.7* 

5.9 

21.3 

14.0 

3.9 

22 


43.6 

55.7* 

4.6 

13.8 

16.0 

3.9 


27:50 1 

21.8 

251.0 

4.0 

47.2 

34.5 

12.7 

23 

7:23 

71.3 

303.1 

4.0 

22.0 


6.0 


25:00 

43.9 

219.8 

3.9 

27.6 


9.5 


47:10 

31.7 

383.1 

3.6 

40.2 


I 10.6 

19 

11:30 

124.3 

88.5 

5.4 

54.0 


9.4 

1 

Average i 

57.84 

191.7 

4.49 

' 32.3 

21.5 

1 S.O 


* Insulin administered only a few hours prior to removal of sample of exudate. 


are of even greater interest. The average total proteins per 100 cc. of 
exudate in diabetic dogs is 12.56 per cent lower than that encountered in 
normal animals. The actual figures are 3.97 and 4.54 grams respectively 
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(table 2). In the exudates of depancreatized and insulin-treated dogs the 
average total protein concentration of 4.49 approximates that found in 'the 
non-diabetic (table 3) . The products of protein catabohsm show much more 
striking differences in the three groups of animals. The non-protein nitro- 
gen of exudates in diabetic dogs averages 80.63 mgm. per 100 cc. of mate- 
rial. This is in sharp contrast to the average concentration of 42.56 mgm. 



O j 6 9 12 15 16 ?4- 27 3® 35 36 19 4-^ 4^ 4-8 

Duration of Inf la mrnat ion : Hours 

Fig. 3. Enhanced proteolysis in inflamed area of diabetic dog. Effect of experi- 
mental diabetes on amino acid nitrogen and total protein of exudates. 

in the control non-diabetic preparations. A comparison of these figures 
indicates an increase of 89.45 per cent in the NPN of exudates of experi- 
mental animals. The urea in exudates of diabetic dogs averages 78.1 
mgm. per 100 cc., whereas the exudates of control dogs jueld an amount 
averagmg 34.5 mgm. per cent. This represents a difference of 126.3 per 
cent. Fmally the amino acid nitrogen concentration of diabetic exudates 
averages 12.88 mgm. per cent. The average amino acid nitrogen in con- 
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Pig. 5. Effect of inflammation on the carbohydrate constituents of exudates in 
diabetic and non-diabetic dogs. 
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trol exudates is found to be onlj'^ 7.39 mgm. The average increase in the 
amino acid nitrogen of exudates in diabetic dogs is therefore 74.29 per 
cent. In brief, these figures on non-protein nitrogen, urea and amino acid 
nitrogen of exudates reveal a markedly enhanced degree of proteolysis at 
the site of inflammation of depancreatized dogs (table 2). 

It is well known that insulin inhibits the formation of glucose from non- 
carbohydrate precursors (40, 9). 
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Fig. 6. Effect of inflammation on the nitrogenous constituents of exudates in 
diabetic and non-diabetic dogs. 


There is evidence that the administration of insulin tends to lower the 
amino acid nitrogen of the blood. Luck and his associates showed that 
subconvulsive doses of insulin lower the amino acid content of the blood 
of dogs, rabbits, rats and man (41, 42). They were led to the conclusion 
that under the conditions of their experiments insulin seems both to in- 
crease the rate of amino acid catabolism and at the same time to inhibit 
the process of protein hydrolysis by which amino acids are generated. 
These observations on dogs were confirmed by Kerr and Krikorian (43); 
but Bischoff and Long were unable to substantiate the findings on rabbits 
(44). The studies were again followed up at a later date by Powers and 
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lleis (45). Thc 3 ' confirmed the above-mentioned ol)servations on rabbits 
reported bj'- TaicIc and his collaboratons; but thej' were unable to corrobo- 
rate the additional claim that insulin tends to induce a rise in urea nitrogen. 
Farr and Alport arrived at csscntiallj' the same conclusion (40). Sub- 
cutaneous injections of insulin produced .sharp decrea.ses in plasma amino 
acids with no significant change.s in blood urea. 

Bach and Holmes (47) reported that insulin decreased in vitro glucose 
formation b 3 ’' excised liver ti.ssuc. This reduction was accompanied 1)3' a 
diminution in urea formation. Stadic and his associates confirmed the 
inhibition of oxidative deamination 1)3’’ insulin on d-araino acids (4S). 
Mirsk 3 ’- studied the influence of iirsulin on the protein inotabolism of dogs 
(49). His data suggested that insulin exerts a nitrogen-sparing action 
b 3 ' decreasing the rate of oxadative deamination in the liver, while at the 
same time it enhances the rate of amino acid utilization b 3 ' muscles for 
protein s 3 mthcsis. This investigator pointed out that ‘Tn experimental 
or clinical diabetes mcllitus, insulin produces a profound decrease in urinaiy 
nitrogen excretion whicli is concomitant with an increase in carboh 3 'drate 
retention.” 

The present series of observations indicates that pancreatcctomized dogs 
with a superimposed pleuri.S3' manifest not onl3' a sharp rise in blood and 
exudate sugar but also a pronounced degree of proteol 3 ’sis at the site of 
inflammation. If the excess sugar formation in the inflamed area is pri- 
maril 3 ’’ derived from the local breakdown of proteins, the administration 
of insulin should both depress the level of glucose and inhibit the en- 
hanced protein catabolism. Studies have therefore been undertaken in 
depancreatized dogs receiving twice dail 3 ’’ about S to 10 units of insulin 
throughout the duration of a pleural inflammation induced as described 
previous^'. 

The results of the experiments are shown in table 3. A convenient 
graphical comparison of the observations with the data obtained in non- 
diabetic and in diabetic dogs receiving no insulin during the period of 
the experiment is also shown in both figures 5 and 6. The results ma 3 '’ 
be briefl 3 ’’ summarized as follows: The average lactic acid of exudates in 
insulin-treated depancreatized dogs is essentiall 3 '’ the same as found in 
non-diabetic dogs; the actual figures are 57.84 mgm. and 58.75 mgm. re- 
spectively. This indicates a significant decline in the lactic acid content 
when compared with the level in exudates of untreated diabetic animals. 
The average sugar of exudates likewise shows a marked drop in concen- 
tration; the content in the exudate of insuhn-treated dogs being 191.7 
mgm., as against 452.4 mgm. in untreated animals. When compared with 
the glucose level of exudate in control animals, the results represent an 
increase in sugar of 143.1 per cent in the insuhn-treated group, and an 
increase of 473.6 per cent in the untreated diabetic dogs. It is to be noted 
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that in indmdual instances when insulin was administered a relative^ 
short interval prior to removal of the exudate sample, the level of sugar 
was invariabl.v very low (dogs 21 and 22, table 3). 

The repression bj' insulin of glucose and lactic acid formation is like- 
wise reflected in the protein catabolism. As already mentioned the aver- 
age total protein concentration of exudate in the insulin-treated group 
is higher than that found in the untreated diabetic animals. It is essen- 
tiall 3 ' at the same level as encountered in control animals. The non- 
protein nitrogen and the urea of exudates are both considerably reduced 
by repeated insulin administration (table 3, fig. 6). The average contents 
are 32.3 mgm. and 21.5 mgm. respectively. This represents a decrease 
of 24.1 and 37.7 per cent when compared vdth the levels of these same 
constituents in exudates of control animals (table 3, fig. 6). This is in 
contrast to the marked elevation of the nitrogenous products in exudates 
of depancreatized dogs receiving no insulin (table 2). Finally, the average 
amino acid nitrogen of exudates after insulin administration is onl 3 '- in- 
creased S.3 per cent in contrast to the significant rise of 74.3 per cent in 
exudates of untreated diabetic dogs. { 

In brief, the data show without an 3 '^ doubt that the enhanced proteol 3 ’-sis 
at the site of inflammation of diabetic dogs is completely held in abe 5 ^ance 
b}’ the administration of insulin. Since this fact is also paralleled by a 
corresponding appreciable reduction in glucose concentration, it is reason- 
able to infer, in view of what is known concerning the formation of sugar 
from proteins in diabetic animals, that the most likeb’’ source of gluconeo- 
genesis at the site of inflammation is primarily protein in nature. 

There is a further, though perhaps indirect, t 3 ^pe of evidence in support 
of the view that the excess sugar and lactic acid formation in exudates is, 
at least in large part, probabl 3 ’^ derived from proteins. In earher studies 
the writer has shown that the local acidosis wliich develops in an inflamed 
area is referable to gl 3 "eol 3 "tic processes. The conversion of sugar to lactic 
acid was found to be the primary factor responsible for the gradual increase 
in h 3 ’-drogen ion concentration at the site of an acute inflammation (13, 
14, 52). The observations revealed a reciprocal t 3 ’^pe of relationship be- 
tween the concentration in e.xudate of sugar and lactic acid. But in the 
present series of experiments on diabetic exudates, no such consistent 
relationship is detectable. The characteristic picture encountered is illus- 
trated in figure 7. The reciprocal relationship between sugar and lactic 
acid, clearly manifest in the exudate of a non-diabetic dog (no. 9), is ab- 
sent in the material withdrawn from the pleural cavity of a depancreatized 
dog (no. 6). This seems to indicate that in all probability the level of 
lactic acid in the exudate of a diabetic animal is not wholly conditioned 
by the sugar concentration. The graph clearly shows a parallelism be- 
tween the. level of these two substances rather than the usual t 3 ^pe of 
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reciprocal relationslnp found in the exudate of a non-diabetic dog. It is 
therefore quite likcl}' that this state of affairs is referable to an appreciable 
amount of sugar and lactic acid arising directly from protein breakdown.^ 
Carbohydrate and protein mciaholhm in the circulating blood of depan- 
creatized dogs toith a superimposed acute inflammation. The foregoing 
series of observations indicates that in a depancreatized dog a focus of 
inflammation manifests not only a disturbance in carbohydrate metabo- 
lism but also a concomitant and significant rise in protein catabolism. 
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Fig. 7. Absence of reciprocal relationship between sugar and lactic acid in the 
exudate of a diabetic dog. 


How do these changes affect the levels of the nitrogenous and carbohydrate 
constituents of the blood? 

In the first place, is the high exudate sugar referable to a diffusion of 
this substance from the circulation? Two sets of etddences would tend 
to rule out such a conclusion. As pointed out in an earlier section, the 

® Does any of the formed sugar in the inflamed area arise from fatty acids? This 
remains a possibility, but it is to be borne in mind that the whole question of 
gluconeogenesis from fatt 5 ’’ acids is still in a controversial state (32, 50). Prelinunary 
observations by the method of Behre and Benedict (51) indicate that a diabetic dog 
with inflammation fails to show in its exudate a significantly higher level of total 
acetone bodies than is found in the exudate of a non-diabetic dog. 
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h 3 ^pergl 3 ^cemia is intensified only when there is a concomitant inflamma- 
tion. Pancreatectom 3 ’- -per se fails to induce the excessivel 3 '- high blood 
sugar level which rapidl 3 ’' develops vdth an accompan 3 dng inflammation. 
Furthermore, a comparative stud 3 ’^ of exudate and blood sugar in diabetic 
animals indicates that the exudate sugar tends to be at a higher level than 


TABLE 4 


A comparison of the exudate and blood sugar concentration in diabetic and non-diabetic 

dogs 


DOG NTTMDEn 


APPROXIMATE DURATIOK 
OF INFLAMMATION 


BLOOD SUGAR 


EXUDATE SUGAR 


Diabetic animals 


1 

liTS. ; mins. 1 

mgm. 1100 cc. ] 

mgm./lOO cc. 

24 

7:40 

454.5 

579.7 

25 

11:35 

241.0 

368.3 

18 

16:35 

295.7 

419.8 

18 

41:00 

310.7 

442.8 

8 

13:40 

482.0 

470.7 

8 

38:00 

652.5 

869.8 

8 

63:00 

655.7 

761.9 

6 

6:15 

311.5 

349.9 

‘ 6 

25:15 

630.9 

629.2 

7 

33:30 

442.9 

427.5 

Average 

1 447.7 

j 

532.0 


Non-diabetic animals 


11 

23:00 

74.8 

73.8 

14 i 

24:00 

64.2 

63.7 

12 

23:30 

55.6 

86.2 

15 

25:30 

70.8 

71.3 

20 

6:45 

83.9 

85.3 

20 

24:25 

111.1 

91.2 

20 

78:40 

110.7 

46.7 

13 

10:30 

83.8 

25.4 

13 

34:15 

61.0 

50.9 

13 

57:35 

95.0 

40.5 

Average 

81.1 

63.5 


that of blood. The results of such observations are compiled in table 4. 
Animals that received considerable insulin or else which were moribund 
or at least extremely ill at the time of withdraAval of blood and exudate 
samples were not included in this series. Studies were also extended to 
similar specimens from non-diabetic dogs (table 4). The results indicate 
an average blood sugar in diabetic animals of 447.7 mgm, per 100 cc. 
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whereas the exudate sugar concentration in these same animals was found 
to average 532.0 mgm. per cent. By contrast similar comparative studies 
in a series of 10 control non-diabetic .specimens indicate an average blood 
sugar of 81.1 mgm. per cent, and an average c.xudate sugar of 03.5 mgm. 
per cent. These facts show that the exudate sugar of diabetic animals 
tends to be higher than the corresponding blood sugar, while the reverse 
seems to e.xist in non-diabetic dogs. This state of affairs is not wholly 
surprising inasmuch as the available evidence, described prcviouslj'^, in- 
dicates that the excess exudate .sugar of diabetic animals is at least in 
large part derived at the site of inflammation from enhanced local protein 
breakdown which in turn is readily held in abeyance by in.sulin administra- 
tion. As pointed out above, in non-diabetic animals the exaidate sugar 
level tends often to be lower than the corresponding blood sugar. Tin’s 
is most likel}' referable, as shown bj' the writer in earlier studies (13), to 
the higher degree of gl 3 'Col 3 'sis at the site of inflammation than in the 
blood stream.^ 

It is of significance to point out that the elevated levels of both carbo- 
hydrate and protein metabolic products in exudates of diabetic animals 
are likewise reflected in the circulating blood. The evidence indicates 
that the heightened concentration of these substances in the blood is 
evident^’' referable to absorption from the inflamed area. Tliis in no way 
contradicts the earlier findings of the writer on the fi.xation at the site of 
an acutely inflamed area of various materials (53, 54, 14). The degree 
of fixation is referable to the intensit 3 ’’ of local injur 3 " and also to the size 
of the particle (55, 14). For instance, the viiter has demonstrated that 
proteins are less readil 3 ' retained than bacteria or graphite particles (56, 57). 
hliller has essentialB-^ substantiated this concept by demonstrating that 
diffusible substances are rapidb’’ absorbed from an inflamed area (58). 

The results of these studies are shoAvn in table 5 and on figure 8. De- 
terminations on blood samples were made before jjancreatectomy (col- 
unan B, table 5), several days after the operation (column A), and when 
there was an accompanying pleural inflammation (column W.I.). The 

^ There are doubtless several factors which regulate the concentration and distri- 
bution of diffusible substances between exudate and blood. Some of these may be 
briefly enumerated as follows: a, diffusibility which tends to equalize the concen- 
tration of the materials in both types of fluids; b, difference in rate of glycolysis be- 
tween exudate and blood wliich thus favors the more rapid degradation of the sugar 
molecule in exudates (13); c, the early appearance of impaired local circulation in an 
acutely inflamed area in the form of Ij’mphatic blockade (14) might conceivably play 
a r61e in the speed of equilibration of even diffusible substances between blood and 
exudate. Notwithstanding these various factors, as well as others, it is interesting 
to note that the enhanced degree of local gluconeogenesis from proteins in the in- 
flamed area of a diabetic animal seems to transcend the effect of these factors, so 
that the exudate sugar concentration still tends to be higher than that found in 
the blood (table 4). 
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data indicate quite clearl}'" that pancreatectomy “per se, except for the rise 
in blood sugar, fails to induce any other very significant changes. On 
the other hand with the development of a severe inflammatory reaction 
in the pleural cavity there is not onl}'’ an enhancement in the blood sugar 
and lactic acid, but there is also a marked rise in the blood non-protein 
nitrogen and urea. The amino acid nitrogen likewise shows an appreciable 
increase in concentration; while the total proteins, with a concomitant 
pleural inflammation, reveal a slight drop. With pancreatectomy, the 
concentration of these various carbohydrate and nitrogenous constituents 
fail to rise in the systemic circulation to the high levels reached when 

TABLE 5 


Effect of pancrcalcctoviy and of inflammation on some of the carbohydrate and 
nitrogenous constituents in the circulating blood 
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B 

A 

W.I. 

B 

A 

W.I. 

B 

A 

W.I. 

B 

A 

W.I. 

B 

A 

W.I. 

B 

A 

W.I, 


?irs.; 

mins. 



















1* 

7:20 

24.8 

10.6 


in R 

311.7 

497.3 

llil 

3.6 

4.9 

51.9 

41.5 

86.5 

tSwiI 

21.5 

53.0 

8.3 

18.9 

8.9 

3 

15:45 

12.9 

32.2 

71.5 

R S 

257.1 

522.2 

5.1 

elBl 

m 

34.3 

35.9 

83.3 

33.5 

31.0 

124.5 

6.9 

6.6 


4 

24:30 

18.8 

17.3 

12.9 

B M 


412.4 

5.4 

4.8 

4.5 

EKW] 

37.2 

gnmi 




7.4 


8.6 

7 

33:32 

9.9 

19.3 


ffi n 

335.3 

442.9 


5.7 

4.9 

26.2 

35.1 

63.5 

18.0 

23.0 

giUfl 

7.9 

Bm 

14.9 

19 

36:00 

iTkI 

18.4 


98.3 

222.2 

202.2 


5.5 

4.5 

32.1 






4.8 

7.4 

8.5 

8 

38:00 

10.3 





652.5f 

5.9 

5.9 

5.4 


31.5 

ffl R 




6.8 

6.8 

9.8 

6 

25:18 




98.2 


[jMIRUI 

6.6 

4.9 



25.8 

1 R 

30.5 

11.5 


6.0 

8.5 

10.4 

6 

48:15 




III 





4.1 



B 



81.5 



13.0 

Average.. 

IG.IG 

20.61 

30.96 

96.87 

205.51 

473.81 

5.67 

5.04 

4.53 

39.3 

34.14 

85.14 

37.75 

21.75 

70.2 

6.87 

9.54 

10.54 


B = Determinations of blood samples -vrithdrawn before pancreatectomy. 

A = Determinations of blood samples withdrawn several days following panereatectomy. 

W.I. = Determinations of blood samples withdrawn when there is a concomitant pleural inflammation 
of varying duration. 

* Succumbed 10 min. after removal of blood sample, 
t Blood sugar when inflammation was about 44 hours’ duration, 
i Fall in sugar may be referable to starvation. 


there is an additional superimposed pleurisy. This would suggest that 
their elevation is referable to a gradual diffusion or absorption from the 
site of inflammation. 

Similar studies were repeated in a number of non-diabetic animals hav- 
ing an acute inflammation induced likewise by an intrapleural injection 
of turpentine. The results are shown in table 6 and figure 9. It is clear 
that neither the carbohydrate nor the nitrogenous metabolism is essentially 
altered. 

The above observations therefore warrant the conclusion that the 
marked rise in protein catabolism occurring at the site of an acutely hi- 




























634 


VALY JfENiaN 


flamed area of a depancreatized dog is Jikcu'isc reflected in the circulating 
blood. Furthermore, the data indicate that the enhanced proteolysis in 
inflamed areas of diabetic animals offers a reasonable explanation for local 
gluconeogenesis from proteins. The surplus glucose formed, in turn, dif- 


3 



Fig. 8. Effect of inflammation on the concentration of some of the carbohydrate 
and nitrogenous constituents in the blood of diabetic dogs. 


fuses from the area of inflammation into the blood stream thus giving 
rise to an enhanced state of hyperglycemia. 

The increased proteolysis found in diabetic exudates has been shown 
to be inhibited b 3 '' repeated administration of insulin (table 3, fig. 6). 
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111 a like manner the parallel increase of these constituents in the circulating 
blood of a depancreatized dog ivith an induced pleurisy can readily be 
repressed by insulin treatment. The results of such observations appear 
in table 7. The average blood sugar is found to have dropped to an even 
lower level than that seen prior to the introduction of the inflammatory 
UTitant. It is therefore not surprising to find the NPN and amino acid 
nitrogen concentration of the blood relatively normal (table 7). These 

TABLE 6 


Effect of inflammation on some of the carbohydrate and nitrogenous constituents in the 
circulating blood of non-diabetic dogs 


DOG 

NUM- 

BER 

DURATION 
OF INFLAM- 
^kfATlON 

LACTIC ACID 

SUGAR 

TOTAL 

PROTEIN 

NPN 

UREA 

AMINO ACID 

N 

mgm./lOO cc. 

mgm./lOO cc. 

gm./IOO cc. 

mgm./lOOcc. 

mgm./lOO 

cc. 

mgm./lOO 

cc. 

B 

W.I. 

B 

W.I. 

B 

W.I. 

B. 

W.I. 

B 

W.I. 

B 

W.I. 


hr.:mins. 













9 

6:25 

18.8 

17.8 

120.3 

95.9 

6.8 

6.2 

27.8 

13.2 

? 

15.5 

7.2 

3.4 


24:50 


? 


118.1 


5.6 




25.0 


6.1 


48:05 


11.9 




5.8 




35.0 


5.6 

20 

7:00 

19.8 

19.8 

81.7 

83.9 


5.4 

50.9 




rail 

6.9 


24:45 


12.4 


111.1 


5.2 






7.5 

13 

10:40 

14.9 

14.4 

112.9 

83.8 


5.9 

31.4 

34.3 



7.1 

6.0 


34:25 


16.3 


61.0 


5.9 


68.4 




5.8 


57:45 


10.9 




5.8 


34.5 




5.7 

11 

23:00 

10.9 

8.4 

71.4 

74.8 

5.3 

4.5 

27.8 

33.8 



5.1 

5.1 

12 

23:10 

14.4 

10.9 

69.8 

55.6 

6.5 

5.9 

? 

51.0 



8.3 

5.4 

14 

24:50 

10.9 

10.9 

63.7 

64.2 

6.7 

5.5 

37.2 




4.4 

5.2 

15 

25:05 

9.4 

8.9 

69.3 



5.4 


44.2 



6.8 

5.7 

26* 

6:00 


52.5 


133.8 


4.6 


24.1 


20.0 


6.2 


22:00 


22.5 




4.8 


22.1 


14.0 


7.3 

Average 

14.16 

16.74 

84.16 

90.0 

6.33 


36.18 





5.85 


B = Determinations in blood samples withdrawn prior to inducing inflammatory 
reaction. 

W.I. = Determinations in blood samples withdrawn when there was an inflam- 
mation of varying duration. 

* Partial pancreatectomy prior to inducing the inflammatory reaction. 


findings are doubtless referable to a repression by insulin of proteolysis 
at the site of inflammation. It is interesting to note in this connection 
that Geelmuyden, recently reviewing the function of insulm, called atten- 
tion to the fact that “Its most important action is to inhibit the formation 
of carbohydrate from non-carbohydrates” (59). 

The cytological 'picture of mjlainmatory exudates in diabetic dogs. With 
the attending enhanced degree of proteolysis in an area of inflammation 
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in a diabetic dog, it is conceivable that the cells might manifest detectable 
signs of protoplasmic injuiy. 

The writer demonstrated several 5'ears ago that the cytological picture 
in an inflamed area is conditioned bj' the hydrogen ion concentration (52). 
PoljTOorphonuclear leukoc^’tcs sur\dvc a pH above 7.0. At a pH of 6.9 


2 



Fig. 9. EfTcct of inflammation on some of the carboiiydr.ate and nitrogenous con- 
stituents in tlic blood of non-diabetic dogs. 1, average concentration in blood prior 
to the inducing of a pleural inflammation. 2, average concentration in blood con- 
comitant with an acute pleural inflammation. 

TABLE 7 


Effect of injlavimalion on some carbohydrate and nitrogenous constituents of the blood in 
dcpancrcatizcd dogs treated with low doses of insulin 


000 

KUMDEK 

DnilATIOK 

OFINFI/AM- 

MATION 

BLOOD 
aUCAK PKIOB 
TO THE IK- 
TKODUCTION 
OF THE 
IRIUTANT 

BLOOD 
SUOAB ftDB- 
sequekt 
TO niR IX- 
TBODDCTIOK 
or the 
irthtakt 

NPN rniOB 
TO the 

INTBODDC- 
TION or j 
THE ! 

inniTAXT 

NPN PUB- 

BEQUENTTO 
TUB JSJBC‘ 
TioKorxnn 
IRBITAKT 

AMIKO ACID 
NTTnOOEX 
rniOR TO 
TUB IXTBO- 
DUenOK OP 
THE 

inniTAXT 

AillKO ACID 
XITROGEX 
6UD3EQl;E^•T 
TO THE IX- 
jEcrrox OF 
OF THE 
IRRITANT 


tire.: mins. 

mgm./WOcc. 

mgtn./IOOcc. 

mgmJlOO 

cc. 

mgm./IOOcc. 

mgm^/lGOcc, 

mgm./JOOcc. 

21 

6:10 

184.2 

44.6* 

20.6 

I 21.5 

4.0 

3.7 

22 

6:35 

156.0 

71.5* 

27.5 

14.2 

8.6 

4.3 


28:00 


241.0 


37.2 


10.7 


47:25 


168.1 


35.2 


12.2 

23 

7:25 

282.6 

281.8 

? 

20.5 

? 

5.5 


25:05 


242.7 


29.1 


9.2 

1 

47:10 


235.3 


41.0 


10.6 

19 i 

i 

11:30 

222.2 

166.7 

32.0 

42.0 

7.4 

5.8 

Average 

211.25 

181.46 

1 

26.7 

30.09 

6.67 

7.75 


* Insulin administered several hours prior to \vithdrawal of blood sample. 


or 6.8 these cells exhibit marked signs of injuiy and degeneration; but 
the macrophages appear relatively normal. At a lower pH of 6.5 or there- 
abouts all forms of leukocj'tes are injured and fi’ank pus is in etddence. 
In vitro observations further support the view that the cytological picture 
in an inflamed area is a function of the pH (60). The mechanism of local 
acidosis was found to be primarib’- referable to a glycolytic process (13). 
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The formation of lactic acid from sugar breakdown seems to be mainty 
responsible for the observed changes in pH and the accompanjdng C 3 'to- 
logical shift from polymorphonuclear to mononuclear phagocytes in an 
inflamed area. 


TABLE 8 


Effect of injlavimalion on the pll and the cylological picture of exudates in depancreatized 

and non-depancrcaiizcd animals 




pH 

CYTOLOGY OF EXUDATE 


DOG 

KITMBEn ! 

i 

INFLAMMA- i 
TION 

Blood 

Exudate 

Per cent of 
polymor- 
phonuclears 

1 

Per cent of 
mononu- 
clear phago- 
cytes 

APPEARANCE OF CELLS IN 

exudate 


Experimental depancreatized group 


i 

1 

hrs.'.mins, 

7:05 

7.42 

B 

! 1 
Very few cells per 

Swollen, degenerated 

3 

15:45 

7.47* 


field 

22 

! 78 

Degenerated 

18 ! 

16:35 

7.4 ! 


92 

1 s 

Normal appearance 

4 

24:30 

7.6 


47 

63 

Conspicuous vacuoliza- 

6 

1 

25:08 

7.55 

6.9 

2 

98 

tion 

Extensive vacuolization; 

7 

33:12 

7.55 

B 

76 

24 

degenerated cells 

1 Swollen and vacuolated 

19 

36:00 

7.55 


88 I 

, 12 

i Fairly normal 

8 

38:00 

7.70 


Cells 1 

beyond recognition; degenerated. 




m 

swollen and vacuolated 


Control, non-depancreatized group 


11 

23:00 

7.47 

BB 

90 


Normal 

12 

23:30 

7.4 


92 1 

8 1 

Normal 

14 

24:00 

7.4 


88 

12 

Normal 

15 

25:30 ! 

7.38 ! 

7.05 

82 

18 

Normal 

20 

24:25 

7:55 

7.13 

74 

26 

Normal 

13 

34:15 

7.43 

7.07 

76 

24 

Polymorphs are swollen, 
distorted, vacuolated 

16 

42:15 

7.55 

7.4 

78 

22 

Normal 

9 

24:45 

7.57 


82 

! 18 

Normal 

9 

47:50 

7.63 

1 

66 

1 

1 

1 34 

Polymorphs are swollen, 
vacuolated and degener- 
ated 


* pH measured at 36 to 38°C.; all others at room temperature. 


Studies on the cytological picture and the hydrogen ion concentration 
of exudates in diabetic and non-diabetic dogs were accordingly undertaken. 
The method utilized to measure the pH has been previously described in 
detail (52, 13). Cellular smears of exudates were all stained by the usual 
Wright method. 

The results of all observations are summarized in table 8. It is evident 
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that the pH of exudates in diabetic dogs tends to be somewljat lower than 
that found in exudates of non-diabetic animals, Tlie differences in pH 
are fairly well correlated with the respective concentrations of lactic acid 
in the exudates of both groups of animals (cf. tables 2 and 8). 

The cytological picture reveals conspicuous differences. The colls from 
a diabetic exudate arc usuall}' degenerated, swollen or vacuolated. Some 
cells are unidentifiable owing to the extent of injury. On the other hand, 
the cells from an e.xudate of a non-diabetic dog are, as a rule, perfectly 
normal unless the inflammation is of long duration (i.e., about 2 days). 
The exudates in non-diabetic animals exhibit in the first twenty-four hours 
of inflammation a predominance of polymorjrhonuclcar leukocytes, Tiiis 
is in conformation with prc\'ious findings (52). On the other hand, exu- 
dates from depancreatized animals do not show in the same interval a 
consistent predominance of pol 3 'morphonuclear cells. Histological studies 
of the pleura in both groups of animals corroborate further the C3’’tological 
picture of exudates. 

The above observations indicate that the enhanced proteol^’sis in an 
acutely inflamed area of a diabetic dog not onlj^ offers an explanation 
for active gluconeogcnesis, but it also accounts for the increased degree 
of local tissue damage encountered in diabetes complicated bj' inflam- 
mation. 

Discussion. The present results offer a reasonable explanation for the 
enhanced diabetes in depancreatized dogs with an accompan^dng acute 
inflammation. The mechanism, in brief, seems to be primarilj’’ referable 
to an augmented degree of proteolj'sis at the site of inflammation. The 
increased protein catabolism seems responsible for the marked degree of 
local gluconeogcnesis. The surplus glucose derived from the degradation 
of the protein molecule in the injured area graduallj'^ diffuses into the 
systemic cu’culation, enhancing thus further the elevated blood sugar 
level. 

The findings and the inferences drawn raise several questions. What 
controlling process in the diabetic organism actuall}'’ enhances local pro- 
teolj’^sis at the site of inflammation? Is gluconeogcnesis from proteins 
in a diabetic animal restricted only to inflammator}’’ foci and to the liver? 
Mav*- it not be true of any area where there is tissue damage, such as, 
for instance, an arteriosclerotic lesion? To what extent does diabetes 
interfere with normal protein sjmthesis, and if so, what possible effects 
may this have on various immunological phenomena such as antibody 
formation? 

Long (11) recentlj'’ discussed the possibility that protein catabolism 
leading to gluconeogcnesis may be referable to activity of the anterior 
pituitary gland. Moreover, the participation of the adrenals, possibty 
the thj'^roid, and the liver in carbohj’^drate and protein metabolic distur- 
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bances is also not to be overlooked. One of the functions of the adrenal 
cortex is presumably to regulate, at least to some extent, the level in 
the circulation of various electrolytes, particularly sodium and potas- 
sium (61). It is of interest in this connection that several determinations 
on the sodium and potassium concentration of exudate and blood of dia- 
betic and non-diabetic dogs have revealed no appreciably significant dif- 
ference. 

As pointed out at the beginning of this paper, in spite of the many 
ob^dous similarities, there are some differences between human diabetes 
and experimental diabetes induced by pancreatectom 3 L It is therefore 
of definite importance to extend the present studies to human diabetic 
patients whose disease is complicated by marked inflammatory processes. 
It is conceivable that a diabetic individual with only minimal infection 
may not reveal in the blood stream the strildng proteolytic changes de- 
tected in dogs having extensive pleural involvement. 

CONCLUSIONS 

An acute pleural inflammation in a dog fails to alter its blood sugar. 
On the other hand, the presence of an acute inflammatory reaction in a 
dog, rendered diabetic by pancreatectomy, induces a rapid and marked 
elevation in the blood sugar level. 

The extent of local proteolysis at the site of an acute inflammation in 
a diabetic dog is considerably more pronounced than that found in a non- 
diabetic animal. This is indicated by a lower concentration of the total 
proteins and a correspondingly higher concentration of urea, non-protein 
nitrogen and amino acid nitrogen than is encountered in the exudative 
material of a non-diabetic animal. 

The enhanced protein catabolism in the inflamed area of a diabetic 
animal is correlated with a marked elevation in both exudate sugar and 
exudate lactic acid. Insulin administration reduces not only the level of 
sugar and lactic acid in such diabetic exudates; but this substance dimin- 
ishes as well the degree of local proteolysis. This fact supports the view 
that gluconeogenesis at the site of an acute inflammation in a diabetic 
animal originates from proteins through deamination of the molecule. 

Enhanced local proteolysis in the inflamed area of a diabetic animal 
implies increased tissue damage. The cytological picture of a diabetic 
exudate indicates that pobTOorphonuclear leukocytes manifest pronounced 
signs of cellular injury when compared wth similar cells derived from a 
normal exudate. 

The biochemical changes encountered in the exudate of a depancreatized 
dog are similarly reflected in its circulating blood. Besides an elevation 
in blood sugar level, there is also an increase in the blood concentration 
of non-protein nitrogen, urea and amino acid nitrogen. Studies after pan- 
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crcatectomj- or splenectomy, and a comparison of the relative glucose 
concentrations in exudate and blood, indicate that the raised levels in 
carbohydrate and nitrogenous constituents of the systemic circulation are 
neither due to the diabetes per sc nor to the operative procedure. The 
elevation in the levels of these substances is referable to an absorp- 
tion from the area of acute inflammation which complicates the dia- 
betic disorder. Insulin by inhibiting glucose formation in the inflamed 
area likewise prevents a rise in the blood stream of intermediar}- products 
of carbohydrate and protein metabolism. 

The available e^ddences, therefore, support the view that the mechanism 
of enhanced diabetes with concomitant inflammation might well be ref- 
erable primarily to an increased local proteoly.sis in the inflamed area, 
favoring a combined picture of increased tissue damage vith a correspond- 
ing elevation in glucose formation; the glucose, in turn, graduallj’ diffuses 
into the systemic circulation. 
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In a recent publication (2) it was shown that bull spermatozoa in sugar- 
free medium maintained motilit}" onlj’’ in the presence of air. Since depri- 
vation of o.xygen is not harmful to spermatozoa in the presence of glucose, 
we concluded that the spermatozoa were utilizing their intracellular re- 
serves by an oxidative process. The intracellular substance utilized in 
the oxidative process appeared to be phospholipid. Since the respiration 
of bull spermatozoa was greatly decreased by adding glucose to the sus- 
pension medium, the spermatozoa apparently obtain energj’’ preferentially 
from glycolysis and call upon the oxidative processes as a source of cncrgif 
onl}’' when deprived of glycolyzable sugars (2). 

Y^iile the above-mentioned work was in progress we were also studying 
the egg yolk-buffer medium (3, 4) in an attempt to determine which con- 
stituents of egg yolk were responsible for the effectiveness of this medium 
in promoting and maintaining an excellent degree of motility for long 
periods of time. Fractionation studies showed that the protein and neu- 
tral fat portions of egg yolk had no beneficial effect in preserving motility 
of spermatozoa in buffered media. In fact, the neutral fat rendered the 
spermatozoa immotile. The phospholipid fraction of the egg yolk, how- 
ever, greatly prolonged the motility of spermatozoa in a buffered me- 
dium. 

This report deals Avith experiments designed to studj'’ the manner in 
which the added phospholipids exert their effect on motility. Various 
preparations of phospholipid Avere made and their effect on the chemical 
and physiological behavior of spermatozoa studied. 

Experimental. The semen used in the Avork was obtained from health}’- 
dairy bulls by means of an artificial A’agina. The method for motility 
observations and lactic acid determination and the buffer solution in AA'hich 
the spermatozoa Avere suspended after centrifuging from the seminal fluid 

1 Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. A preliminary report has appeared (1). 
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have been described (5). The respiration studies were made at 37° with 
the Barcroft apparatus as in previous work (2). All the data on the oxygen 
uptake of spermatozoa in the presence of phospholipids are corrected for 
the autoxidation of the phospholipid itself which was measured in control 
determmations for each experiment. 

Preparation of phospholipids. Fresh egg yolks were extracted twice with 
2.5 volumes of acetone. The residue was extracted several times with 
cold ether and the combined ether extracts evaporated under reduced 
pressure to a small volume. Ten volumes of acetone were added and the 
gummy precipitate wliich formed was again taken up in ether, filtered 
and reprecipitated. This preparation — crude egg phospholipids (I) — was 
separated by means of ethyl alcohol into crude lecithin (II) and crude cepha- 
lin (III). Purified lecithin (I'i^) was prepared by treating an alcoholic 
solution of preparation II with alcoholic cadmium chloride and purifying 
the precipitated cadmium lecithinate according to the method of Levene 
and Rolf (6). More recently this preparation has been further purified 
by the procedure of Pangborn (7). 

Phospholipids from rat liver (V) were prepared from the ether exTraet of 
ground, acetone-extracted rat livei-s by the procedure used in obtaining 
preparation I above. 

Crude soybean phospholipids (VI) contained 70 per cent acetone insoluble 
lipids and 30 per cent soybean oil. Soybean “lecithin” (VII) and “cephalin” 
(VIII) Avere obtained from preparation VI by extracting with acetone until 
oil-free and separation on the basis of then* solubilities in ethyl alcohol.^ 

All phospholipid preparations Avere stored under acetone in the re- 
frigerator to prevent autoxidation. For experimental use the phospho- 
lipids Avere emulsified in buffer solution or 0.9 per cent saline and added 
at a level of 5 to 10 mgm. per cubic centimeter of the final sperm-buffer 
suspension. 

Results. Effect of phospholipids on motility. It is evident from table 1 
that phospholipids from egg yolk and other sources Avere effective m pro- 
moting motility. Neutral fat and the mono-ester ethyl laurate Avere harm- 
ful to the spermatozoa. When stored at 10° the spermatozoa maintained 
their initial motility much longer in the presence of phospholipids than in 
the presence of added glucose only. From the data in table 2 it is evident 
that added phospholipid as Avell as the intracellular reserve of the sperm 
are utilized by an oxidative process since both are effective in maintaining 
motility only under aerobic conditions. 

Effect of phospholipids on respiration. The rate and duration of oxygen 
consumption by bull spermatozoa were markedly increased Avhen phosplio- 
lipids Avere added to the suspension medium. The results of a typical 

= We are indebted to Dr. J. L. Gabby of the Glidden Company, Chicago, Illinois, 
for the soybean phospholipid preparations. 
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experiinent arc shown in figure 1. H, was found tliat the increase in res- 
piration of spermatozoa obtained by adding pliospholipids depended largcl}’' 

TABLr: 1 


Effect of various metaholites on the duration of molilily of spermatozoa stored at 10°C. 


MEDIUM 

MirrAJIOMTE ADDED 

MOTILITl- 

DUEATION' 

M/15 Na-K phosphate. 

None 

hour$ 

2-i 

pH = C.75 

Glucose 

78 


Egg lecithin II 

151 

Modified Ringer-phos- 

None 

20 

phate, pH = 6.75 

Glucose 

50 


Egg jihospholipids I 

150 


Egg "lecithin” II 

150 

‘ 

Egg "cephalin” III 

72 


Liver phospholipids V 

160 


Crude soybean phospholipids VI 

0 


Soybean "lecithin” VII 

120 


Soybc.an "cephalin” VIII 

120 


Egg neutral fat 

0 


Ethyl lauralc 

0 


Spermatozoa were centrifuged from the seminal fluid and made up to original 
86men volume with the buffer solution. Where glucose was added, the final concen- 
tration was 0.04 molar. Motility duration indicates the length of time a motilitj' of 
14- or bettor (5) was maintained. 


TABLE 2 

Effect of nictaholitcs on sperm motility in air and under nitrogen 
I I motilitt hating 


MEDIUM, lUNGEn-rnoarnATE rtus 

N one 

0.04 molar Glucose 

"Lecithin” (II) 


ATMOspnnnr. 



1 hour 

Air 

44- 

N; 

F.M. 

Air 

54- 

N» 

44- 

Air 

44- 

N. 

F.M. 


3 hours 

5 liours 

14- 

F.M. 

Dead 


44- 

3-1- 

44- 

44- 

3-1- 

3+, 

Dead 



Semen was centrifuged, the sperm taken up in 0.9 per cent NaCI, centrifuged 
again and finally made up to original semen volume with Ringer-phosphate (pH = 
6.8). Incubated at 37°C. 


on the length of time between the collection of the semen and the beginning 
of the experiments. This is demonstrated in table 3. Fresh, rapidly 
respiring spermatozoa showed only a small increase in oxygen consumption 
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when pliospholipids were added Avhilc samples which had been held from 
2 to 5 hours before beginning the resphation experiments showed con- 
siderable increases. As the spermatozoa '‘age” the intracellular reserves 
are apparentlj^ depleted and the added phospholipid is more rapidly 
utilized. In ten experiments the addition of phospholipids caused an av- 



Fig. 1. Effect of lecithin on oxygen consumption of bull spermatozoa. Semen 
which had been held at 10'“ for 4 hours was centrifuged and the spermatozoa were 
washed by suspending in modified Ringer-phosphate buffer. After centrifuging 
again the spermatozoa were suspended in modified Ringer-phosphate pH = 6.8. 
Each Barcroft flask contained one billion spermatozoa in 3 cc. buffer. A = endog- 
enous oxygen consumption, B = oxygen consumption of spermatozoa in presence 
of lecithin II. 

Fig. 2. Effect of ascorbic acid on the oxygen consumption of bull spermatozoa. 
Spermatozoa were centrifuged from semen, washed by suspending in 0.9 per cent 
saline and after centrifuging again were suspended in sufficient modified Ringer- 
phosphate buffer (pH = 6.8) to give original volume of semen. Eight-hundred 
million spermatozoa per flask. A, no substrate; B, ndth 0.001 molar ascorbic a,cidi 
(7, with lecithin II; H, with 0.001 molar ascorbic acid and lecithin II. 

Fig. 3. Effect of glucose and lecithin on oxygen consumption of bull spermatozoa. 
Semen stored 4 hours at 10° was centrifuged and the spermatozoa suspended in 
sufficient Ringer-phosphate buffer to give original semen volume. One and five- 
tenth cubic centimeter sperm suspension containing 700 million spermatozoa (= 14’.1 
mgm. dry cells) per flask. Final volume made up to 3 cc. per flask with 0.9 per cent 
saline or solution of metabolite in 0.9 per cent saline, 

A, no substrate; B, with lecithin IV; C, rvith 0.02 molar glucose; D, with lecithin 
IV and 0.02 molar glucose; E, with lecithin IV and 0.04 molar glucose. 

erage increase in the rate of oxygen consumption of 38 and 46 per cent 
above the endogenous rate for the first and second hours respectively. 

Quastel and AVheatley observed an increase in the rate of fatty acid 
oxidation by liver slices when ascorbic acid was added (8). This observa- 
tion together with the demonstration that ascorbic acid promoted the 
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production of vial)Ie, fertile spermatozoa in sterile bulls (9, ]0) led us to 
tr}’- the catalj’^tic cfTect of ascorbic acid on the oxygen consumption of 
washed spermatozoa (fig. 2). Ascorbic acid itself increased the ox3'gcn 
uptake of spermatozoa bj^ an amount sufficient to account for its oxidation 
to delij'^droascorbic acid. However, ascorbic acid did not increase the 
rate of oxj’^gen consumption of .spermatozoa in the presence of lecithin. 


TABLE 3 


Relation of ‘‘age” of spermatozoa to ozygen consumption 


TIME IIETW'EEN COM^ECTION OK 
flKMEN SAMPLE AND nEOlNNINO OF 
llESPrilATION MEARUnKMENTj 

Qq.*— nnsT noun 

“Endogenous" | 

With lecithin VII 

hourt 



0.5 

-9.20 

-9.44 

0.5 

-7.45 

-8.05 

0.8 

-7. at 

-S.OO 

2.0 

-6.44 

-8.34 

3,5 

-4.56 

-6.90 

4.0 

-4.27 

-7.10 

4.0 

-4. 86 

-6.63 


* Qos = c.mm. Oj/mgm. dry cclls/hr.; 37 to 55 million (average 40 million) bull 
spermatozoa yield 1 mgm. dry matter. Respiration was linear with from 100 million 
to 1 billion spermatozoa in 3 cc. suspension. 


TABLE 4 


Effect of phospholipids on lactic acid production by spermatozoa 


MEDtuM, inNaEn-rnospnATE-Gi.ucosE plus 

LACTIC ACIO PnODCCED PEK CC. SPERM 

SUSPENSION* IN 3 nouns 


Aerobic i 

1 

Under Ns 



mg7n. 

None 



Egg phospholipids (I) 




* Sperm concentration 500 million/cc. 

Spermatozoa were centrifuged from semen and made up in Ringer-phosphate con- 
taining 0.04 molar glucose. Incubated at 37°C. 


As shown in figure 3, the addition of lecitliin did not increase the oxygen 
consumption of bull spermatozoa when sufficient glucose was present in 
the medium. This would indicate that glycolysis occurred in preference 
to the oxidation of added lecithin just as it does in preference to the oxida- 
tion of the intracellular reserves (2). 

Effect of phospholipids on glycolysis. Phospholipids did not exert their 
influence on sperm motility by catalytically increasing the rate of glycolysis 
either aerobically or anaerobically. As shown in table 4, the amount of 
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lactic acid produced ivas the same in the presence of phospholipids as it 
was without added phosiiholipids. The fact that lactic acid production 
was not decreased in the presence of lecithin is further evidence that 
glycolj'sis is tlie preferential source of energy for the bull sperm. 

Discussion. The data presented show that phospholipids from egg 
yolk and other sources were etfective in maintaining the motility and 
oxygen consumption of bull spermatozoa in a sugar-free medium. While 
it is possible that the added phospholipid exerted its effect by acting as a 
catalyst or by altering the physical properties of the su.spension medium, 
the more plausible explanation is that it was used as a metabolite. Phos- 
pholipids had no effect on motility under anaerobic conditions and did 
not influence glycolj'sis under either aerobic or anaerobic conditions. If 
phospholipids were catalj^zing the oxidation of an intracellular metabolite, 
one would expect an increased utilization and early depletion of this re- 
serve with inactivation of the sperm as a result. On the contrary, lecithin 
was effective in maintaining the motility of bull spermatozoa for long 
l^eriods of time. The com]jaratively poor result obtained with lecithin in 
previous work (4) was due to the fact that the lecithin preparation used 
had been obtained from dried egg yolk and was discolored from contact 
with air. Discolored, partially autoxidized lecithin preparations from 
sources other than egg yolk have also been found ineffective in promoting 
motilit3L A fresh, chemically unchanged preparation was necessary be- 
fore positive results could be obtained. It is interesting to note that 
Milovanov found that lecithin increased the life duration of spermatozoa 
and recommended addition of lecithin to certain semen diluting fluids to 
protect the lipoid capsule of the sperm cell (11). 

It is generally conceded that fats are transported across the cell mem- 
branes in the form of phospholipids. It is not surprising then to find 
that neutral fat or simple fatty acid esters were not utilized by the sperma- 
tozoa, for it seems entirely possible that they do not enter the sperm 
cell. 

In metabolic studies on most tissue slices, minced or homogenized tissue 
suspensions, it is difficult to correlate the respiration or chemical reactions 
with the function of the tissue. Spermatozoa provide an excellent means 
of studying the significance of the measured reactions in the maintenance 
of the function of the cell for the chemical and respiration results can be 
correlated with motility or also with fertilizing ability. In the work re- 
ported here it was shown that the increased oxygen consumption of sper- 
matozoa in the presence of phospholipids was correlated with increased and 
prolonged motility. 

SUMMARY 

1. Phospholipids from a variety of sources were effective in maintaining 
the motility of bull spermatozoa in a sugar-free medium under aerobic 
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conditions. It was siiown that f he etTect was not due to cataly.sis of sperm 
glycolysis. 

2. In the presence of phospholipids the rale and duration of ox^^gen 
coiLsumption by bull spermatozoa was- greatly increased. Ascorbic acid 
did not catalyze the oxidation of phospholipids bj' bull .spermatozoa. 

3. The oxygen consumption of bull spermatozoa in a medium containing 
glucose was not appreciably increased by the addition of lecithin. This, 
together with the demonstration that lecithin docs not alter the rate of 
glycolysis, is further evidence that bull sjicrmatozoa call upon oxidative 
processes ac sources of energy for motility onlj’^ when deprived of glycolyzable 
sugars. 

4. The similaritj- in the manner in which added phospholipid and the 
intracellular reserves are utilized b 3 ’’ spermatozoa is in agreement with our 
previous conclusion (2) that the intracellular reserves of the spermatozoa 
are phospholipid in nature. 
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The passage of iodine into the th 3 n-oid (1) is easily observed with the 
help of radio-iodine (2, 3, 4, 5, 6). In our investigation of this problem, 
the ability of the gland to fix iodine was found to be restricted witliin 
definite limits and to be dependent upon the acthdty of the hypophysis. 

jMethod. The use of the isotope I^*^, with a half-life of 25 minutes, 
limited the duration of the experiments to two hours. The radio-iodine 
was prepared bj’- bombarding eth 3 d iodide vdth either the neutrons of radon- 
ber 3 dlium or those resulting from the impact of 2000 kv. x-ra 3 >'s on beryl- 
lium. The neutrons, producing both radioactive iodine and 2 to 6 mgm. 
of inactive iodine from the ethyl iodide (4 liters) made it unnecessary to 
add extra iodine for the purpose of “carr 3 dng’' the radioactivity. The 
iodine was extracted as hydroiodic acid b 3 ' shaking with a concentrated 
solution of hydi’ogen sulphide in a separately funnel. The solution was 
separated and hydroiodic acid was titrated with sodium hydroxide in pres- 
ence of meth 3 d orange. After boiling to eliminate the hydrogen sulphide, 
there remained a solution of sodium (radio-)iodide of known iodine titer, 
which could be used in animals. 

The animals Avere kept on standard diets (except for the guinea pigs), 
at 22° (=h2°)C. The injections of radio-iodine were performed either in 
the veins (rat, rabbit) or the heart (guinea pig, mouse). Doses of 0.5 
mgm. of iodine were injected per 100 grams of body weight. The animals 
were sacrificed by section of the carotids 30 minutes after an injection, 
unless otherwise indicated. For the estimation of the radioactivity in the 
organs, these were Aveighed, finely ground and evenly distributed on a 
rectangular aluminum foil 6 b 3 '^ 2.5 cm. The foil Avas then fastened length- 
AAUse on a 12 b3'^ 5 cm. piece of adhesive tape and the Avhole covered with 
cellophane. The adhesive Avas rolled into a C 3 dmder exactly fitting the 
Geiger counter in such a Avay as to set the aluminum in front of the active 
part of the counter. Less than 100 mgm. of organ Avas estimated at one 
time, three measurements being made at 25-mmute intei-Amls Avhenever 

1 Now in the Departments of Anatomy and of Radiology, The University of 
Rochester, School of Medicine and Dentistry, Rochester, N. Y. 
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possible. The results were plotted on a logarithmic .scale and the best- 
fitting line was drawm parallel to the .slope of the decay of P-\ The radio- 
iodine content was estimated by comparison with the curve furnished by 
the original radioactive solution, a sample of wliich had been diluted, put 
on aluminum, ev'aporated at CO^C. and measured on the counter in the 
same way as the organs. The amount of iodine which had been fixed by 
the organs could thus be calculated. As the justification of chemical and 
other techniques will be reported separately, it may .suffice to state that 
the accuracy’’ of the determinations was variable, being much reduced in 
the longer ex'periments, and that, with the exception of the diiodot3TOsine 
experiment, the limit of error was found to approximate ±10 per cent. 

PaELiMiNAnY EXPERIMENTS. The fixation of greater amounts of iodine 
b.y the thyroid than b}” other tissues alrcadj' observed in dogs (1), rabbits 
(2, 4) and humans (3), is confirmed here in four animal species (table 1). 
The most regular results were found in the rat th 3 Toid (smallest jirobable 

TABLE 1 


Concentration of radio-iodine in the organs thirty minutes after a single injection of 

Nairadio-) iodide 


' 

CONCKKTn.^TIOK OP . 

IK TllTTlOID | 

(NfOM. PEK 100 OM. or ; 
FllESn ti.h.sue) 

COKCEKTilATIOK OF 
PAPIO-l IK LIVER 
(MCM. per 100 CM. OP 
FRESn tissue) 

Guinea pig 


0.3 

R.at (Wistar) 



Mouse (CBA) 


0.4 

Rabbit 

14.3 ± 3.2 

0.3 




Each group was composed of 6 animals. 


error), but the greatest fixation of iodine was observed in the tb 3 Toid of 
the guinea pig.^ The rapidit 3 '' of the fixation of iodine b}*^ the th 3 Toid 
(1, 2) is illustrated b 3 ’’ the experiment reported in figure 1. In addition, 
these results show that vdth the dose of iodine used, the concentration of 
iodine in the th 3 'Toid reached a maximum within six minutes after the m- 
jection and then remained at a constant level. 

In the organs and body fluids not reported in the table, the values were 
of the same order as in the liver, although very irregular, as indicated by 
Ariel et al. (5), and without an 5 ’' outstanding concentration of iodine, ex- 
cept in the urine and especiall 3 ’^ in the gastric juice (6). A chemical separa- 
tion of the gastric juice of unfed animals, with or without histamine treat- 
ment, showed that the iodine behaved like chlorine, since one fraction 
was in the form of hydroiodic acid, distilling upon gentle heating and 
precipitating in the distillate after addition of acid silver nitrate; while 

* In two rabbits, the iodine collection was greater than in any guinea pig. 
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the other fraction consisted of iodide which remained in the distillation 
residue wherefrom it could be precipitated out as silver iodide, in nitric 
medium. 

The possibility that other iodized compounds might jdeld then iodine 
to the thyroid more readily than the iodides, led to an investigation of 
the fate of some iodate and diiodotiTOsine S3mthesized from radio-iodine. 
The use of these compounds presupposed that the iodine atoms present in 
their molecule could not be exchanged with the iodine atoms of the blood 
iodide. This possibility was investigated bj’’ mixing in vitro a solution 
of radioactive iodide and solutions of more complex iodized compounds as 
indicated in table 2, in order to see whether or not the radio-iodine would 
enter the iodate or diiodotjTOsine molecule. The results showed the ab- 
sence of exchange since, within 30 minutes of contact, no radioactivit 3 ’' 


concentration of radioiodine 

IN THE THYROID 


10 



O 



10 20 JO AO 50 60 70 60 

MINUTES AFTER INJECTION 


Fig.l 



Fig, 1. Fixation of radio-iodine in the rat thyroid at various intervals after an 
injection of 0.75 mgm. of radio-iodide. Each dot corresponds to an average of 6 
animals. 

Fig. 2. Ratio of iodate I to iodide I in the blood at various intervals after an 
injection of 0.75 mgm. of radio-iodate. Time is indicated in minutes on the abscissa. 


that could not be accounted for by experimental errors was exchanged 
between the iodide and the other compounds examined. 

Uadioactive iodate, obtained by Baxter and Butler’s method (7), was 
injected intravenousl 3 '^ at the dose of 0.75 mgm. of radio-iodine into rats 
of about 150 grams, in 3 experiments including six rats each. The animals 
were sacrificed in groups of two at time intervals of 9, 25 and 40 minutes, 
respectively, after the injection. The amount of radio-iodine in the 1113 ^- 
roid averaged 0.9 mgm. and 2.9 mgm. per 100 grams of fresh tissue, re- 
spectively, 9 and 25 minutes after the injection; 40 minutes after the 
injection, the iodine could not be measured any longer, since the radio- 
activity was then exhausted. The fact that the amount of radio-iodine 
in the thsToid was small and continued increasing after the ninth minute 
after injection could be partly explained by an analysis of the fate of the 
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iodate in the Ijlood stroaTn. Tliis analysis was carried on after tlie addition 
of inactive iodide and iodate to tlie blood to serve as carriers of the sus- 
pected radioactive molecules. After trichloracetic treatment of the blood 
and washing of the precipitate, the .subsequent precipitation of tlie iodate 
as barium salt and of the iodide as silver .salt showed that the radio-iodate 
decreased while the radio-iodide increased progiessively. Therefore in the 
blood the iodate was transformed into iodide to such an extent that 40 
minutes after injection of the iodate only traces of it wore still present 
(fig. 2). The amount of radio-iodine in the thyroid appeared to increase 
simultaneously with the increase of the amount of iodide in the blood. 
This suggested that the iodine present in the iodate molecule entered the 
thja’oid onlj* after its transformation into iodide liad taken place in the 
blood. 


TABLE 2 


Exchanges between iodate or diiodotyrosine or thyroxine and iodine ion of Na radio-I 


SUBSTANCES ADDEU TO 

Na RADIO‘I 

MEDIUM 

total NUMBEn 
or COUNTS IN 
Nal AT IlK- 
CINNINO 

DUItATION 
or CONTACT 

pekcentage 
or ACTIVITV IN 
IODATE DIIODO- 
TYROSINE OR 
THYROXINE 

AT THE END 

Iodate 

Water 

105,000 

minutes 

30 

0.002 

Iodate 

Boiling water 

107,000 

30 

0.0002 

Diiodotyrosine 

Water 

100,000 

30 

O.IS 

Diiodotyrosine 

Water 

614,000 

S 

0.05 

Diiodotyrosine 

Blood 

174,000 

15 

0.06 

Thj'roxine 

Water 20% of Nils 

400,000 

90 

0.27 

Thyroxine 

Water -1- 20% of NHs 

252,000 

30 

O.OS 

Thyro.xine 

Water + 20% of NHs 

255,000 

30 

0.50 


Similar although less precise results were obtained with radioactive 
diiodotju’osine, prepared by Oswald’s method (8). Relatively high doses 
of this compound, corresponding to 5 mgm. of iodine per 100 grams of 
body weight, were given intravenously to each animal in 2 groups of 4 
rats each. The time required for the preparation of radioactive diiodo- 
tyrosine and its subsequent use in animal experiments precluded exact 
detei'minations. With this limitation, the results (table 3) showed, as in 
the case of the iodate, that the fixation of the radio-iodine in the tfijuroid 
was not immediate, and probably followed the raijid transformation of 
diiodotyrosine into iodide, as obseri'-ed in blood and urine. In the litera- 
ture, it has been reported that the transformation of diiodot 3 TOsine into 
iodide is only partial (9) ; our different results maj’’ be due to the smaller 
doses of diiodotyrosine used here. 

These results were sufficient to warrant the exclusive use of the iodides 
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in future experiments, since other iodized compounds appeared to be trans- 
formed into iodide before theii’ iodine was taken up by the thyroid. 

Respome of the thyroid to various doses of iodine. In order to test the 
efficiency of the thyroid gland, doses of iodine varying from 30 to 9000 
micrograms were injected into guinea pigs weighing 150 (±20) grams. 
The results (fig. 3) show that the th3Toid fixes increasing amounts of iodine 
when the doses of iodine are raised. However, if the amount of radio- 
iodine in the gland is expressed in per cent of the total radio-iodine in- 
jected, it can be seen that, with injections of 30, 300 and 9000 micrograms 


T.AJBLE 3 

Effects of injection of 10 mgm. of radioactive diiodolyrosine 


TIXIE BE-ns'EEN INJEC- 
TION AND AUTOPSY 

1 

CONCENTEATfON OF 
RADIO-I INTEYROID 

PERCENTAGE OP DIIODOTVROSTNE IODINE TRANS- 

romit:v iokzzed iodine 



Urine 

Blood 

minutes 

vigm. per 100 gm. 

per cent 

per cent 

10-16 

<8.5 

90 

79 

30 

12.6 

91 

97.5 


of iodine, a thju’oid fixation of 1, 0.3 and 0.07 per cent of the total respec- 
tivel}’’ takes place. The smaller the dose of iodine injected, the greater 
is the proportion of iodine entering the gland. The efficiencj’- of the th}^- 
roid is at its best with the smallest doses of iodine. In experiments with 
smaller or physiological (tracer) doses of iodine, Hertz (10) and Mann 
(private communication) found that a much higher percentage of iodine 
was taken up bj" the gland. 



Fig. 3. Fixation of radio-iodine in the guinea-pig thj-^roid (dots) and kidney 
(circles) thirty minutes after injection of various doses of radio-iodide. 

If the amount of injected iodine was increased beyond 750 micrograms 
(a dose which happened to be equal to our standard of 0.5 mgm. per 100 
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grams of body -wcighi), the concentration of IG mgm. of radio-iodine in 
the guinea pig thyroid could be increased only slightly even when con- 
siderably higher doses wore injected (fig. 3). Tiiis .slou- increase of thy- 
roid iodine wa.s similar to wliat took phice in the other organs examined 
(kidnej’^ and stomach wall), where one observed onl}' a slight progressive 
increase in direct relation to the quantities injected, probably due to a 
gradual overfiooding with iodine. Therefore, with the higher doses, the 
specific capacit}'’ of the thyroid for iodine is exhausted. 

However, the cun'c that indicates this “saturation” of the thyroid 
(fig. 3) might be simulated by a cun’e due to c.vchangc equilibria between 
the iodine atoms of the blood and those of the tluTOid. Such an exchange 
might occur in cither of two possible waj-s. The radio-iodide injected 
into the blood might exchange with the iodine atoms of diiodotyrosine, or 
thyro.xinc, which arc the onl}’- oi-ganic iodized comjiounds in the th3Toid 
(11). ‘ However it lias been shown (table 2) that the iodine of these com- 
pounds is not exchangeable, at least in 30-minutc experiments. As an 
alternative possibility, the blood radio-iodine could exchange with the 
small amount of ionized iodine atoms (11) present in the thju’oid. This 
latter possibilit}’- was tested bj'- injecting radio-iodide to animals ha^^ng 
received a few hours previouslj* some ordinaiy iodide. If the entrance 
of iodine into the th3Toid were an exchange ])henomenon, it should proceed 
regardless of whether or not a previous injection of iodine had been given. 
However, when an injection of radio-iodine was given after injections of 
chemical iodine, onl3'^ a small fraction of the expected uptake of radio- 
iodine could be found in the th3U-oid (table 4, groups 1 and 2). Such re- 
sults, as alread3’’ pointed out by Hertz et al. (2), can be explained onl3’’ 
b3'^ the assumption that some new iodine was added to the gland, with no 
or little exchange taking place. Indeed IHarine and Rogoff using chemical 
methods have shown the existence of an addition of iodine to the gland 
after iodide injection, but their experiment did not rule out the possibility 
of a simultaneous exchange (1). It ma3'’ be concluded that, after an addi- 
tion of about 16 mgm. of iodine per 100 grams of th3Toid (guinea pig)> 
this gland reaches a state of saturation. In a saturated tlyroid, it is not 
possible to produce an important increase of the iodine concentration by 
the injection of either large (fig. 3) or repeated (table 4, groups 1 and 2) 
doses of iodine. 

Exchanges being ruled out, at least for the most part, the saturation 
could be due to a chemical process, since the iodine entering the th3Toid 
. could react with free chemical linkages, which, being then saturated, would 
not be able to fix additional iodine. In order to decide whether the radio- 
iodine in the thyroid had undergone some chemical transformation or was 
still in the form of iodide, chemical analysis of the gland was perforrned 
thirty minutes after a standard injection of radio-iodine into guinea pigs. 
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The tissue was ground and extracted with hot alcohol; and after filtration 
and ei'aporation of the filtrate, the residue containing all the radioactivity 
was dissolved in alkaline solution, precipitated with trichloracetic acid 
and filtered. About 90 per cent of the total radioactivity was in the 
filtrate, where it could be precipitated as iodide with acid silver nitrate, 
the rest of the radioactivity being in the trichloracetic precipitate with 
the thyroglobulin. Hot water extraction, dialysis and electrolysis in acid 
medium on a copper plate, also indicated that at least 90 per cent of the 
radio-iodine was still present in the tltyroid as iodide, while it seemed as 
though a fraction less than 10 per cent had been incorporated into the 
molecule of thju'oglobulin. Therefore the entrance of iodine into the thy- 
roid was not the direct consequence of a chemical reaction; its accumulation 

TABLE 4 


Fixation of radio-iodine in thyroid of animals having received previous injections of 

inactive iodine 


I:;xpEnIMI:^’T 

NtntDEn 

amounts or iodise injected befobe 

BADIO'ACTIVE IODINE 

INTEBVAI/ DF.TWEEN 
LAST INJECTION OF 
IODINE AND BADIO-* | 
ACTIVE IODINE ' 

AMOUNT OP I 
active lODI 
PER 100 G3 
TISS 

Thyroid 

'‘IXED RADIO- 
NE (in mgm. 
il. OF FRESH 
lUE) 

Liver 

1 

0 

(controls) 

6.7 

0.4 

1 

1 mgm. daily for 8-10 days 

5 hours 

1.8 

0.3 

2 

0 

(controls) 

8.4 

0.2 


1 mgm. daily for 8-10 days 

8J- hours 

1.1 

0.1 

3 

0 

(controls) 

11.8 

0.4 


1 mgm. daily for 8-10 days 

48 hours 

3.2 

0.3 

4 

0 

(controls) 

8.7 

0.3 


1 mgm. daily for 8-10 days 

72 hours 

6.8 

0.4 


in this instance would seem to be more in the nature of a process of ab- 
sorption. 

Although the short life of the radio-iodine prevented an analysis of its 
transformation in the thyroid over a period longer than 30 minutes, an 
indirect method gave some information as to the ultimate fate of the fixed 
iodine. Since a thyroid lost its ability to fix iodine when saturated, an 
experiment was designed to determine the time required for the restoration 
of a normal iodine fixation. A preliminary experiment, performed a week 
after saturation of the thyroid with inactive iodine, showed that the gland 
had at that time completely recovered its ability to fix iodine. Eight 
groups of five rats weighing about 150 grams were then subdivided into 
4 control groups and 4 groups receiving 1 mgm. of iodine in the form of 
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iodide daily for 8 to 30 days, this dose being insufiicient for a reduction 
of the thyj-oid activity of the animals ns judged fj-om the Jiistolog}” of the 
gland. A single injection of 0.75 mgm. of radio-iodine a.s Nal v'a.s then 
administered to the control animals, while the treated animals were given 
the same dose at various intervals afler their last injection of inactive 
iodide (table 4). The rasults indicated that throe (lay.s after the last in- 
jection of inactive iodide, the iodine-fixing capacity of the thyroid had 
almost returned to normal (fig. 4). The time required for the restoration 
of the ability of the gland to fix iodine maj' indicate that the amount of 
iodine necessaiy to saturate the gland was utilized in a little more than 
three days. 

ROlc of the hypophysis. Hypothyroidism was produced in the rat b}' 
hypophysectomies jDcrformcd b 3 " A. Chamorro (4). This operation re- 



HOURS AFTER END Of TREATMENT UNITS OF HORMONES 

WITH INACTIVE IODINE (L05ARITHUIC SCALE) 

Fig. 4 Fig. 5 

Fig. 4. Fi.xation of radio-iodine in the rat tliyroid when 0.75 ragm. of radio-iodide 
was injected at various intervals after saturation of the thj'roid. 

Fig. 5. Effect of injection of 5, 10 and 100 units of thyrotropic hormone on the 
weight, mitotic activity and iodine-fi.\ing ability of the guinea-pig th 3 Toid. 

suited in a decrease of the ability of the tfijauid to fix iodine (table 5). 
The decrease was not very sudden, hoAvever, since 5 da 3 ’'S after removal 
of the hji'pophj’^sis, the fixation of iodine bj^ the thjn-oid was only slightlj^ 
reduced. At 116 daj^s after the operation, the concentration of iodine 
in the tlijn-oid was veiy small, although still greater than that of other 
organs, such as the liver. 

The decrease in the concentration of radio-iodine after hypophjFsectomy 
could be due to a relative decrease of active thjToid tissue, since the opera- 
tion produces an accumulation of colloid Avith a reduction in the size and 
probabljT in the number of the cells. Another alternath’'e was that the 
remaining cells had lost their efficiency in fixing iodine. The relative 
amounts of cells and colloid wei’e estimated on histological sections of the 
thyroids in two animals operated 20 daji-s previously'' and their two controls, 
as also in two opei’ated 116 day^s previously^ and their two controls. Cam- 
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eva lucida drawings of 4 wide (Reichert) fields on thyroid sections at a 
magnification of 150 X were performed on each animal. By cutting off 
and weighing the cells and colloid of the drawing, it was found that the 
average ratio of colloid to cells had increased from 0.69 to 3.13 in the 
twenty days following hypophysectomy and from 0.62 to 4.7 in the four 
months following this operation. Simple equations deducted from these 
figures .showed that, 20 and 116 days after the operation, the relative 
amount of cells had decreased by factors of 0.41 and 0.28 respectively. 
Since the radio-iodine concentration in the thyroid had decreased by fac- 
tor of 0.42 and 0.11 respectively in these two groups (table 5, last column), 
it. can be seen that this reduction in the iodine uptake was comparable to 
the reduction in the amount of thyroid cells.® If, therefore, the thyroid 

TABLE 6 


Fixalion of iodine by rat thyroid after hypophysectomy 


NUMnrn 
or DAYS 
AFTKn 
OrEDA- 
TION 

NUMDER 

or 

AKIMAES 

AVERAOn BODY 
■WEICnT 

AVERAGE 

weight of 

Xni'ROlD 

PER CENT OF 
INJECTED 
RADIO- 
ACTIVITY IN 
THYROID 

ConCENXnATION OF 
RADIO-IODINE (MOM. 
PER too OM. OP 

TREsn material) 

RATIO OF THY- 
ROID RADIO-I 

concentra- 

tion: 

TREATED 

CONTROLS 

Doforo 

operation 

At 

autopsy 

Thyroid 

Liver 



fframs 

ffravte 

mgm. 





0 

5 

15G 

157 

12 

0.12 

7.2 

0.3 


0 

5 

142 

129.3 

9 

0.08 

6.8 

0.4 

0.94 

I 

0 

1 

82 

87 

9 

0.10 

8.7 


1 

9 

1 

82 

56 

8 

0.03 

4.3 


0.49 

0 

2 


136 

13 

0.15 

9.1 

0.4 


20 

2 


60 

7 

0.03 

3.8 

0.6 

0.48 

0 

5 

131 

196 

18 

0.24 

11.7 

0.5 


116 

7 

114 

109 

11 

0.02 

1.25 

0.4 

0.11 


of the hypophysectomized animal fixed less iodine, it was due mostly to 
the small amount of thyroid tissue present in these thjToids, although a 
slight decrease in the efficiency of the remaining cells was not excluded, 
especiallj’^ four months after the operation. 

Hyperthju’oidism, obtained through injections of a highly purified 
Schering thyrotropic hormone into guinea pigs (8 injections in 4 days), 
produced a marked increase in iodine uptake by the thyroid (table 6). 
The increase in the concenti'ation of radio-iodine could be due eithei to 
the relative increase of active thjwoid cells following the departure of col- 
loid, or to an increase in the efficiency of the cells, or to both factors. In 

3 It was assumed for these calculations that the changes in the connective tissue 
were negligible. This implication involved only a small error. 
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tlirec control and three guinea pigs treated with 10 units of tl^'rotropic 
hormones, the ratio of colloid to cells was estimated as abo\'c. The de- 
crease of these ratios from 0.80 to 0.43 under the influence of the injections 
implied that the relative amount of colloid liad decrea.scd by a factor of 
1.48 and the proportion of cells had increased by a factor of 1.26. On the 
other hand the concentration of radio-iodine in the thyroid increased, after 
injection of 10 units of hormone, by a factor alwa 3 '.s superior to 2, reaching 
4.2 in one group (table G, last column). The increase in the “cell con- 

TABLE G 


Fixation of iodine by guinea pig thyroid after ihyrcolropic hormone 


NUMBER 

OF 

EXPERI- 

MENT 

UNITS or 
HORMONE 
IN 4 DATS 

NCMRER or 
ANIMALS 

AVERAOi: 

rnrnojD 

^TEIOIIT 

PER CENT 
RADIO- 
ACTX\^‘n* 

IN THTROID 

CONCENTRATION OF 
RADIO-IODINE (MOM. 
PER 100 OM. or 
FRESH MATERIAL 

RATIO OF xnr- 
ROID RADIO-1 

concentration; 

TREATED 





Thyroid 

Liver 

CONTROLS 

1 

0 

5 

mgm, 

21 ■ 

0.3 

13.5 

m 



10-12 

6 

39 

2.1 

43.3 

la 

3.2 

2 

0 

3 

20 

0.3 

ll.S 

0.4 



10 

3 

21 

1.3 

51.4 

0.4 

4.3 


100 

3 

36 

2.4 

49.6 

0.5 

4.2 

3 

0 

3 

21 

0.5 

18.0 

0.3 



10 

2 

2 G 

1.5 

43.2 

0.2 

2.4 


100 

3 

44 

l.S 

35.9 

0.3 

2 

4 

0 

2 

21 

0.4 

14.3 

0.1 



6 

3 

23 

0.9 

30.0 

0.2 

2.1 


10 

2 

25 

1.3 

37.6 

0.2 

2.6 


100 

2 

42 

2.1 

35.3 

0.1 

2.4 

5 

0 

2 

11 

0.3 

21.1 

0.1 



2 

3 

19 

0.7 

26.9 

0.1 

2.0 


5 

2 

20 

0.9 

34.4 

0.1 

2.8 


100 

2 

40 

1.6 

32.4 

0.1 

2.4 


centration” could account for onlj'^ a small part of the increase in radio- 
iodine concentration.® Therefore the ceils must have been functioning 
more efficiently when under the influence of thjTOtropic hormone. In 
other words, the thyrotropic hormone had increased the capacity of the 
thyroid gland for iodine, partly bj’’ reducing the amount of colloid and thus 
increasing the cellular content, but mostty bj'’ increasing the actmty of 
the cells. 

The previous analysis of the effects of thyrotropic hormone was based 
upon results in animals receiving injections of 10 units of this hormone 
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in 4 daj^s. Increasing the amount of hormone to 100 units, however, did 
not produce further concentration of iodine in the thyroid (table 6). The 
understanding of these results was facilitated by plotting them on a log- 
arithmic scale (fig. 5), along ivith the average weights of the glands and 
the average number of colchicine mitoses per 100 folhcles. The mitoses 
were counted on 5-micron sections in 300 thyi-oid follicles in each of 18 
guinea pigs divided into groups of 6, the groups receiving 0, 10 and 100 
units of thja’otropic hormone respectively over a period of 4 days. The 
animals were given colchicine 9 hours before autopsy (12). Increasing the 
dose of thjHotropic hormone from 10 to 100 units produced a considerable 
growth of the thyroid as shown by the weight and mitosis curves, but the 
radio-iodine concentration decreased. The radio-iodine concentration was 
smaller with 100 units than with 10 units of thyrotropic hormone in each 
case (table 6, 5th column), thereby indicating not only that the efficiencj'- 
of the thyroid tissue could not be increased over the limit reached vfith 
10 units of hormone, but that the newly formed thjToid tissue, testified 
to by the mitoses and weight increase, could not be stimulated as effec- 
tively as the original thyroid tissue.^ It is a frequent occurrence in biolog}’’ 
that the function of rapidl}'- growing tissue is somewhat hampered bj^ the 
growth itself, as shown for instance by Doljanski (13). 

Discussion. Intravascular administration of sodium iodide was fol- 
lowed by a deposition of iodide as such in the thyroid gland. The amount 
of iodide that could be collected by the gland was limited in the rat to 
about 10 mgm. per 100 grams of fresh tissue and in the guinea pig to nearly 
20 ragm. per 100 grams of fresh tissue. These values could be but slightly 
increased by injecting larger or repeated doses of iodine, and therefore 
indicated the extent of the capacity of the thyroid for ionized iodine. 

Some of the results (fig. 4) suggested that the amount of iodide neces- 
sary for saturation of the thyroid gland was utilized in a little more than 
3 days. The amount used up in 3 days could be roughly estimated by 
the difference between the figures obtained for the radio-iodine concen- 
tration in the thyroid of the treated animals in groups 1 and 4 (table 4), 
that is to say, 5 mgm. per 100 grams of fresh tissue. The rapidity vnth 
which this iodine stored in the thjoroid may be utilized was unexpected, 
and points to the necessity of a regular iodine intake. 

When by hypophysectomy the source of thj’^rotropic hormone was elim- 
inated, the radio-iodine and the cellular content of the thyroid decreased 
in the same proportion. It thus seems that, after the operation, the 
remaining cells, in spite of their atrophy, can fix as much iodine as an 
equal cytoplasmic volume uf normal cells. Therefore the operation does 
not affect the specific iodine-fixing ability of the thyroid tissue, although 
a shght decrease of this activity was not excluded by the present data. 

* There is a possibility that higher doses of iodine were required in this case. 
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Injections of thyrotropic liorinone increased the iodine fixation in the 
th3Toid b.y double mechanism. An increa.scd proportion of th3Toid cells 
was produced and the cfJicicnty of tliese cells was increased. The latter 
result .shows the possibilit3' for thyrotropic hormone to influence the effi- 
cienc3' of the cells. However, when no extra dose of this hormone is 
given, the level of activit3' of the th3Toid cell is quite stable and is not 
much influenced 1)3' the sui)prc.ssion of th3'rotropic hormone, as afforded 
1)3'^ pituitaiy removal.* 

COXCLUSIOXS 

1 . The specific ability of the th3Toid to fix iodine has been confirmed, 

2 . Experiments with radioactive iodatc and diiodot3'rosine suggest that 
onl3' ionized iodine can be withdrawn from the blood stream 1)3'’ the tln- 
roid gland. 

3 . The smaller the dose of iodine administered, the more efficient^' it 
is fixed b3' the th3'roid. 

4 . When closes of half a milligram or more of iodine per 100 grams of 
bod3' weight are injected intravascularl3', the tlyroid becomes saturated 
with iodine and is no longer able to fix iodine selectively. In other words, 
the capacit3'’ of the th3Toid for iodine is limited. 

5 . Exchange phenomena or chemical transformations play little or no 
r 61 e in the penetration of ionized iodine into the tlyroicl. 

6 . After being saturated with iodine, the th3'roid recovers its normal 
ability to fix iodine in a little more than 3 da3's. 

7 . The extent of the decrease in iodine fixation after h3'poph3'sectom3^ 
and of its increase after injection of th3’rotropic extract indicate that the 
h3'pophysis does not influence the specificity of the tl^Toid activit3'', but 
regulates the fixation of iodine b3'’ controlling to some extent the amoimt 
and the efficiency of the th3Toid tissue. 

We wish to acloiowledge our debt to Prof. F. Joliot-Curie for having made 
possible the use of radio-iodine and for his numerous suggestions in the 
ph3'sical, chemical and biological fields. We also express our appreciation 
to Dr. K. E. Mason and Dr. S. L. Warren for the facilities afforded during 
the writing of the manuscript, and to Dr. V. E. Emmel for his assistance 
in its preparation. 
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In 1921 AYcarn and Richards (1) demonstrated the possibility of col- 
lecting fluid from single glomerular capsules in the living frog’s kidne}'. In 
the 20 j'ears which have succeeded this demonstration, methods have been 
graduall}' developed for the collection of fluid from single tubules of the 
amphibian kidney and for the quantitative anal 3 'sis of the minute amounts 
of fluid obtained. The bod.v of evidence accumulated bj' the application 
of these techniques has lent clear and decisive support to the filtration- 
reabsorption thcoiy of urine formation (2). Glomerular fluid has been 
shown to have the composition of an ultrafiltrate of blood plasma in the 
eleven respects in which it has been examined. Reducing substances, 
clilorides and fluid have been shown to be reabsorbed from this filtrate as 
it passes through the tubules, and the locus of these reabsorptive processes 
has been established. The extension of this type of experimentation from 
the amphibian to the mammalian kidnej’ has seemed desirable, not alone 
because the truth of the filtration-reabsorption theory could again be sub- 
jected to thorough examination, but also because the functional and 
anatomical differences between kidnej'S of the two types made it certain 
that new information would be disclosed. Progress has been made in this 
extension and the present paper describes methods which have proven 
successful in collecting fluid from single glomeruli and tubules of the mam- 
malian kidney. 

Preparation for msualization of the kidney surface. A majority of the 
expeiiments have been performed on guinea pigs and rats. In both 
species, a unilateral (right) nephrectomj’^ Avas done from 5 to 43 daj'S before 
the experiment in order to produce enlargement of the neplu'ons in the re- 
maining kidnej’^. This operation was performed on 89 guinea pigs and 56 

* The expenses of this work have been defrayed in large part from a grant bj' the 
Commonwealth Fund of New York. A preliminary report of the investigation was 
made to the American Physiological Society in April, 1941 (This Journal 133: 480, 
1941). 
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rats under aseptic precautions and with ether anesthesia. If it is assumed 
that the weight of the two kidnej's was origmally the same, hypcrtropliy of 
the remaining kidney was apparent by the fifth day post-operative, became 
maximum during the third week when it a\'eraged 71 per cent in the rats 
and 62 per cent in the pigs, and remained stationary after that time. The 
subsequent procedures differed somewhat in the two species and must lie 
described separateljx 

Guinea pigs. The guinea pigs, adult females weighing between 400 and 
600 grams, were injected intraperitoneally with 0.45 cc. (29 mgm.) of 
sodium pentobarbital. Ether was given when necessary during the prep- 
aration. Sodium barbital, chloralosane and urethane were substituted for 
pentobarbital in a few experiments. The animal holder was a copper plate 
embedded in a sheet of cork and heated from beneath by a 15-watt bulb; 
the animal’s body lay on the plate, and the cork provided attachment for 
the retractors and for the pins which restrained limbs and head. The 
trachea was isolated for the subsequent insertion of an 18-gauge needle, 
permitting insufflation with oxygen, and the right jugular vein wa.s cannu- 
lated and connected with a burette containing a solution of 0.9 per cent 
sodium chloride or 10 per cent sucrose. Blood pressure was not usually 
measured. After the abdomen was opened by a mid-line incision, the 
entire gastro-intestinal tract was removed following successive ligation of 
the coeliaco-mesenteric axis, inferior mesenteric arteiy, esophagus, and 
gastro-hepatic omentum. The urinary bladder was emptied. Fat and 
peritoneum were removed from the lower pole of the kidney surface. The 
renal capsule was usualh' left in situ since it did not interfere with visibility 
or puncture of the surface units and since, if it were removed, the visible 
blood ve.ssels became dilated, the surface covered with a layer of protein- 
rich fluid, and puncture was more apt to result in tears of the tubule walls 
or hemorrhage from the vessels which border them. The abdominal wall 
was retracted and raised, and the abdominal cavit 3 ’ filled with liquid 
petrolatum (light), warmed to bod^' temiierature, which covered the kidney 
to a depth of about 5 mm. This oil prevented the kidne\' from diying, 
aided in the diffusion of light, and could be readily distinguished from the 
wateiy fluid that originated in the neplmons. Its temperature remained 
between 35° and 39°C. during the experiment. 

The .surface of the kidnej* was illuminated by a 300-watt bulb focu.^jcd 
on the butt end of a Incite rod 12 inches in length, 0.5 inch in diameter and 
ground down at one end to a bevelled tip O.OS inch in diameter. tMien 
this tip was brought into contact with the oil l\v a micromanipulator, a 
considerable portion of the kidney surface was brilliantly illuminated but 
pulsatile and respiraton.' excursions made it impo«.rible to rf.^ualize details 
of structure. Movements of the former type were diminished by exerting 
downward and lateral pres.?ure on the upper pole of the kidney with a glass 
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rod, tenoinating in a disc one-half inch in diainefcr and shajicd to fit the 
kidney surface; if the movements were still too gross, a small area could 
be immobilized by exerting downward i)rcssurc with the Incite rod at a 
point close to the glass disc. The movements due to respiration were 
particularly troublc.some in the guinea jiig and after attempts to inactivate 
the diaphragm and to fix or support the kidney proved unsucce.ssful, re- 
course was had to jiaralyzing the respiratory muscles with curare. One 
milligram of curare,- injected subcutaneously, abolished movements within 



Fig. 1. Appearance of the ventral surface of a guinea pig’s kidnc 3 ' when observed 
bj" the methods described in the text. India ink has been injected into a single 
tubule segment and has filled the 3 coils of a proximal convolution shown at 7 o’clock. 
The rounded interruption of the tubule pattern at 12 o’clock is a glomerulus. Photo- 
graph of a drawing made from life bj- Miss Edna Hill through the courtesj- of the 
Harrison Department of Surgical Research, Universitj" of Pennsjdvania Medical 
School. Magnification, approximatcb' 59X. 

ten minutes and oxygenation was maintained b}’’ intra-tracheal insufflation 
with 100 per cent oxj’^gen. Under these circumstances the Iddney was 
completely immobile and, examined with a binocular microscope at 85 
magnifications, presented the appearance illustrated by the drawing of 
figure 1. 

During the first hour after the preparation was completed, the kidney 

* The specimen emploj^ed was supplied bj”^ the courtesy of Dr. Hans Molitor of 
the Merck Institute for Thei'apeutic Research. 
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continued to forrn urine at tlie rate of about 1 cc. per Lour and retained its 
ability to reabsorb glucose and fluid, for the urine was practically free of 
fermentable reducing substances and contained exogenous creatinine in 
concentrations averaging 47 times that in blood plasma. Urine and blood 
specimens were collected at the beginning and end of each experiment by 
direct puncture of the bladder and vena cava with glass capillary pipettes 
containing, in the latter instance, an anticoagulant. 

The chief disadvantage of the guinea pig preparation was the bre^’itJ’' of 
the period during which normal kidney function persisted. Wit hin 1.5 
hours after respiration was arrested the surface tubules were no longer 
distended with fluid, their epithelial lining became white and more readily 
\dsible, and the surface blood vessels showed brief circles of contraction and 
relaxation (about 5 and 15 sec. respectiveliO which were apparently due to 
concurrent changes in some major renal vessel since thei'^ were accompanied 
by gross alterations in kidnei^ size. When the blood pressure was measured 
at this time it was usuall}^ found to have fallen markedly. A second dis- 
advantage was the considerable decrease in plasma concentrations of 
glucose and exogenous creatinine which occurred during the period of 
observation. This decrease, in the case of glucose, was especially marked 
after phlorhizin administration and might have been anticipated from the 
exclusion of the hepatic circulation but, in the case of creatinine, its 
mechanism was less clear. 

Rats. The rats, adult males weighing between 300 and 400 grams, were 
starved for 18 hours preceding the experiment. They were anesthetized by 
the esophageal injection of 2.0 grams of urethane per kgm. in 10 cc. of tap 
water. The trachea was isolated, the jugular vein cannulated, and the 
abdomen incised in the mid-line as in the guinea pigs. The rfscera were 
not removed but simply withdrawn from the vicinity of the kidney by re- 
tractors. The bladder was emptied, the abdominal wall supported, the 
abdominal cavity filled with oil and the kidney illuminated as in the guinea 
pigs. Blood specimens were taken by cutting the tip of the animaks tail. 
It proved unnecessary to arrest respiratory movements; if they were 
troublesome, the intravenous injection of 100 mgm. of sodium barbital 
usually diminished them to a point where they, as well as the pulsatile 
movements, could be controlled with pre.ssure by the glass disc and Incite 
rod. This preparation was superior to that of the guinea pig in many 
respects. The entire operation could be completed in 15 minutes, the 
kidney was not touched, the concentrations of glucose and exogenous 
creatinine in blood plasma remained relatively constant, blood could be 
obtained at ani'^ tune during the experunent, and the animal s condition 
continued good for 3 hours or more. A single advantage was retained by 
the guinea pig. In that species alone have we been able to see functioning 

glomeruli. 
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Collection of fluid from (jlomcruli. It seemed essential to the success of 
this investigation tluit ^ve obtain at Joasl a few specimens of glomerular 
fluid. Pensistent attemj>ts were therefore inade to visualize glomeruli on 
the kidney surface of a variety of animals. The earlier of these attempts^ 
amply confirmed Bowman’s statement, made in 1842, that "tlie Malpighian 
Bodies are rarely if tn'ery visible quite on the surface of the kidney” (4). 
The topographical relationship of typical superficial nephrons to the. kidney 
surface is shown in figures 6 to 10 (insets) where the glomeruli are seen to be 
covered b.v several layers of j>roximal convolutions. Even in the skunk, 
where glomeruli often lie within 0.2 mm, of the kidney surface, they arc 
invisible by our methods of examination. In the guinea jng, however, we 
have had some measure of succe.«s. 

In about one out of four guinea pigs, when the entire anterior .surface of 
the kidney was examined, one or more round objects were seen which 
proved to be glomeruli. In the rare instances when these glomeruli lay 

’ The kidney surface of the following animals has been c.vamincd during life in an 
attempt to visualize glomeruli; hats (2), adult cat (]), cat aged one month (1), ferret- 
(1), adult white mouse (1), new-born white mice (1), dccr-niouse (1), muskrat (1), 
adult opossums (25), pouch opossums from 2 to 7 weeks after entering the pouch (4), 
rabbits (S), adult rats (56), new-born rat (1), skunks (7), and gr.ay squirrel (1). No 
glomeruli were observed in any of these animals cxcei)t in one opossum kidnej' within 
an area of focal nephritis and in one skunk kidney' which was c.\amincd postmortem. 
Large round objects wore seen in the j'oungcr pouch opossums but histological ex- 
amination did not suggest that these were functioning glomeruli. We varied our 
method of illumination by placing the Incite rod beneath the kidney, as is possible 
in the b.at, by thrusting it into the kidnej' substance and into the cysts which occa- 
sionally occur in the opossum kidney; no one of these alterations made the glomeruli 
visible though, in many of the animals examined, some were demonstrated to lie 
within a millimeter of the kidney surface. Two further variations in technique 
were emploj’ed in skunks, opossums, and rabbits. In the first we attempted to color 
the glomeruli so that their visibility might be improved; the abdominal aorta below 
the renal arteries being ligated and the cocliac axis cannulated, a 0.1 per cent solu- 
tion of Janus Green B was injected during momentary arrest of the renal circulation : 
although the glomeruli proved to bo well colored when the kidnej'S were sectioned, 
thej^ were not visible from the kidney surface. Finallj’ it was determined to e.xpose 
the sub-surface glomeruli b}’ removing a slice of kidney* tissue. Either at a prelimi- 
nary operation or at the time of the e.xperiment, a thin section was removed from the 
kidnej" surface by a razor, hemorrhage being arrested by momentaiy clamping of the 
renal arterj' and bj^ the application of the cut edge of a piece of skeletal muscle. A 
large number of glomeruli became readily visible but we were unable to collect anj' 
fluid from them and thej' did not appear to be functional!}' active. The glomerular 
capillaries were dilated, the corpuscles within them stagnant, and this appearance 
did not change when the renal blood flow was interrupted or when adrenalin or su- 
crose was injected intravenously. Moreover, the cut surface of the kidney was 
covered with a layer of exudate or tissue fluid. The technique was discarded as 
being grossly unphysiological, a decision which may have been premature since 
Ellinger (3) has described the appearance of fluorescent dyes in sub-surface glomer- 
uli of rats exposed by an identical procedure. 
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completely on the Iddney surface, the individual capillaries could be 
identified and blood could be seen flowing through them. We have only 
seen six such glomeruli in nearly’’ 100 animals. There was no visible clear 
capsular space about them, as is the case in amphibia, and when they were 
punctured a quartz pipette a capillary was torn with consequent hemor- 
rhage from the tuft followed by permanent stasis. On one occasion 
puncture was accomplished without hemorrhage but apparently resulted in 
contraction of the afferent vessel, for all of the capillaries emptied them- 
selves of blood and remained contracted. No one of these glomeruli 
showed intermittence of blood flow, but only six were observed and no one 
of them for over 5 minutes. The majority of glomeruli seen were less 
clearly %'isualized but proved more suitable for our purpose. They ap- 
peared as rounded reddish objects, either below the Iddney surface and 
covered by a single layer of tubules, or as a structureless interi-uption in the 
pattern of surface tubules (fig. 1). These glomeruli could usually be 
punctured without hemorrhage and, in 7 experiments, sufficient fluid has 
been collected from them for analysis. The puncture was performed with 
a quartz pipette, about 7/i in internal diameter at its tip, attached to a glass 
rod and micromanipulator in the fashion which has been described (1). 
The pipette was filled with mercuiy except at its extreme tip, where a 
small quantity of a light oil colored with Scharlach-R had been introduced. 
"WTien the glomerular capsule had been penetrated, the oil was injected; at 
first it filled and distended the capsular space and then flowed on into the 
proximal tubule which might or might not reach the kidney surface. 
As soon as a millimeter or so of the proximal tubule had been filled vdth 
oil, the oil remaining in the capsular space was evacuated into the pipette 
and the collection of glomerular fluid commenced against a slight positive 
pressure in the collecting system. The oil served the double purpose of 
identifying the punctured object as a glomerulus and, by its continued 
presence in the proximal tubule, gave assui'ance that the collected fluid was 
derived from the glomerulus rather than from any more distal portion of 
the nephron. The collection was continued until sufficient fluid had been 
secured for analj’^sis or until it was terminated by some accident. In the 
7 completed experiments the average amount of fluid obtained was 0.24 
c.mm. Subsequent dissection of the nephron, by the methods to be de- 
scribed, proved whether or not any tubule bordering the glomerulus had 
been accidentally punctured during the experiment. 

Two matters should be mentioned since thej'- may detract from the sig- 
nificance of these experiments. Glomerular fluid, collected from amphibia, 
proved to be free' of protein (5). Of the 6 specimens of this series which 

^ The method cannot consistently detect concentrations below 0.03 per cent. 
The statement, in this paragraph, that a specimen contained no protein should there- 
fore be taken to mean that it contained less than 0.03 per cent. 
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were siniilarh' tested onl 3 ' hvo 'vvero negative, two contained between 0.15 
and 0.20 per cent, and two contained amounts estimated at 0.80 per cent. 
This need not mean that the normal mammalian glomerulus c.vcretes any 
considerable amount of protein, for the great majority of tubule fluid 
specimens and two from within 1 mm, of the glomerulus were protein- 
free. But it does suggest that glomerular capillai'ics leak protein readily 
even in the absence of gross damage, and that the glomeruli in question were 
affected cither bj' the act of puncture or by the injection of oil. In the 
second place, the rate at which fluid was collected was about 30 per cent 
lower than would be anticipated on the basis of calculations made from 
creatinine clearances (6), the average figure in the 7 experiments being 0.7 
c.mm. per glomerulus per hour. While the collections may have been in- 
complete due to leakage of fluid through tears in the glomcralar capsules, 
these slow rates may suggest that the surface glomeruli, after puncture at 
anj" rate, were less active than those which lay deeper in the kidne}' sub- 
stance. 

The collections of glomerular fluid therefore were neither veiy numerous 
nor whollj" free from objection. Fortunatelj' the conclusions to which 
tliej' led received support from the more numerous and satisfactoiy ex- 
penments upon proximal tubules. 

Collection of fluid from proximal convolutions. As will be understood from 
an examination of figures 5 to 10, the vast majority of the tubule segments 
appearing on the kidney surface proved to be portions of the proximal con- 
volutions, In a good preparation thc}’ were distended vith fluid and 
presented the appearance illustrated in figure 1. Each segment looked 
precisel}' like its neighbor and it was impossible to distinguish anatomical 
portions of the proximal tubule from each other or from the distal tubule 
bj'^ simple observation. Two juxtaposed segments were not necessarily 
portions of the same nephron and their relationship to each other could 
onlj’- be shown bj’- such an intratubular injection as is illustrated in figure 1 
where india ink was used. The tubules were larger in adults than in jmung 
and increased in size after unilateral nephrectomy. Of the animals ex- 
amined, thej^ were largest in the opossum and skunk. In the guinea pig the 
continuous segments on the surface were rather longer than in the rat. An 
active circulation could be seen in the blood capillaries wliich bordered each 
segment and, on occasion, crossed over a tubule. If the circulation failed, 
or if the renal arteiy Avas clamped, the lumina of the tubules collapsed and 
their Avails became more apparent; under these cu’cumstances some tubules 
appeared Avhite Avhile others shoAA'ed broAvnish granulations but these 
differences did not proA’^e to be characteristic of an}’’ particular portion of 
the nephron. If the tubules AAnre collapsed AAhen first obserAnd, thej’' could 
be promptly distended bj'^ the intravenous injection of 1.0 cc. of a 10 per 
cent sucrose solution. The effect AA^as much more marked than that pro- 
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duccd hy a similar amount, of 0.9 per cent sodium chloride solution, and 
suggests that sucrose afl'ects fluid reabsorption in the proximal tubule. 

Any dilated surface tubule \Yith its axis parallel to that of the pipette 
was selected and the point thrust into it; if the point u-ere properly bevelled 
and the icnal capsule not too thick the insertion could be made without 
fearing the tubule wall, damaging its capillaries, or penetrating into a 
dcci)er layer of tubules, though these accidents often occurred. The most 
perfect i)unctures were made in the rat by simply pressing the pipette tip 
against the tubule wall and allowing the small respiratory excursions to 
tease a hole for it. With the pipette inside the tubule lumen a short 
column of red oil was injected; this demonstrated the proper position of 
the pij)ctte and, if it subsequently moved along the tubule into further con- 
volutions, pioved that, there was a flow of fluid down the tubule. "^Wien 
the oil column had taken up a position distal to the site of puncture, the 
collccition of fluid was commenced, the pressure in the collecting sj'stem 
being .‘^o adjusted as to immobilize the oil. The immobilit}^ of the oil 
column provided assurance that ail of the fluid descending the tubule v^as 
being collected and that there was no contamination by fluid which had 
l)a.ssed distal to it. In a few experiments metallic mercury has been sub- 
stituted for the oil; this provides a more certain block but has been im- 
possible to inject with consistent success. 

There can be no doubt that fluid entering the pipette originated from 
within a nephron, for no ajipreciable amount of fluid can be collected from 
the normal kidney surface or from the kidney substance unless the pipette 
be thrust into a tubule lumen or damage a blood vessel. We have seen no 
indication of large currents of interstitial fluid (7) and there are no obvious 
spnce.s' on the kidney surface unoccuincd by tubules or blood vessels. 

A number of factors combined to make the collections less simple than 
this description porha])s suggests. In the fir.st place, the mere fact that the 
tubule appeared distended n-ith fluid did not necessarily mean that there 
was an active flow within it, for frequently the injected oil would move on- 
wards sluggishly or not at all ; under the.se circumstances other tubules were 
punctured until one was found from which fluid could be collected. A 
fluid collection, once begun, continued steadily unless some extraneous 
factor intervened. In this observation and in the obseivation that pul- 
satile movements at the proximal end of the oil column, appaiently tians- 
mitlcd to it fi’oni the glomerulus, continued v'ithout inteiiuption, ve find 
ai’guments again.‘'t the existence of intermittent glomeiulai activdty in our 
preparations. A second difficulty lay in the very high intratubular pres- 
sure which wa.s particularlj'’ prominent during the infusion of h 3 ’’pei tonic 
sucrose solutions. Under these circumstances the injected oil column, 
which at first had started down the tubule, would rush suddenly and \d- 
olently back towards the pipette and emerge on the kidney surface. We 
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att ributed this to a leak at the point of puncture and the consequent col- 
lapse of the punctured nephron by its distended neighbors, ^\^len saline 
infusions were substituted for sucrose, or all infusions omitted, the difficulty 
was encountered less often, A third difficulty lay in the tendency of the 
pipette point to become obstructed bj' .some particle within the lumen or by 
contact with the tubule wall. When this occurred, the oncoming fluid 
either pushed the oil column on down the tubule or emerged on the kidney 
surface; in the latter event it often came with .sufficient force to detach the 
capsule and form a visible drop of fluid around the point of puncture. The 
collection could be continued if the pipette Avcrc withdrawn from the lumen 
and the fluid picked up as it emerged from the tubule and laj* beneath the 
oil which covered the kidney surface. Fourteen per cent of our collections 
have been made in this fashion, Wc deprecate the technique, for there 
might have been an admixture with the thin la3'er of surface fluid which ma3^ 
cover the kidne3% ^^ut two points minimize the dangers introduced b3' this 
fluid. It was onh’ present in considerable amounts when the renal capsule 
had been removed and in the immediate \'icinit3'' of the points upon which 
pressure was being exerted. It was readil3' distinguished from tubule 
fluid since it contained about 1,0 per cent protein, and reducing substances 
and chloride in the concentrations anticipated in an ultrafiltrate of blood 
plasma. 

We have described the technique emplo3'ed in the collection of fluid from 
an3’’ dilated surface tubule, chosen at random. Almost invariabl3' these 
tubules proved to be proximal convolutions and in the middle third of this 
segment. The last third dips decpl3' into the kidne3’’ substance to join the 
loop of Henle, and is inaccessible b3’’ our technique (figs. 5-10). The first 
third appears occasionall3’’ on the surface and a special procedure was de- 
vised to identif3" it. A pipette containing air below the mercur3’' and, at its 
extreme tip, a little oil, was thi-ust into a surface tubule. After the oil was 
injected and allowed to flow distal to the punctured point, a column of air 
was forced into the tubule. The air, prevented from going distall3’^ b3^ the 
oil column, distended and outlined the coils of tubules on the glomerulai’ 
side of the pmicture. When the proximal end of tliis air column happened 
to be in a surface tubule this point was selected as the site of collection, vdth 
the assurance that it was on the proximal side of the original segment b3^ 
the length of the air column. The technique was demanding but it pro- 
vided a number of collections from the first tliird of the proximal tubule. 
It had the disadvantage that the sudden distension with air appeared to 
damage the tubule wall; during the subsequent experiment this portion of 
the tubule often looked white and some cellular detritus was found in the 
distal tubule at the time of its dissection. We have not felt that this dam- 
age disqualified the experiment, for the collection was made proximal to the 
region which had been distended. No evidence of similar damage from the 
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Simple act of punctiu-e or the injection of oil has been seen, other than the 
local tear in the tubule wall at the point of penetration. The glomeiodus 
and the portion of the tubule proximal to the site of collection remained 
completely untouched and usuallj’’ well below the Id.dnej’’ surface. 

These methods for the collection of fluid from proximal tubules have 
pioved quite satisfactory, especiallj'' in the rat. The distal tubules have 
presented particular difficulties, as 3^et only partially solved. 

Collection of fluid from distal convolutions. Scattered over the surface of 
both guinea pig and rat kidneys there are occasional distal tubules which, 
coming to the surface, make but a single loop there and then descend again 
into the kidney substance (figs. 5-10). Their infrequencj'^ in comparison 
with proximal convolutions is indicated by the fact that onlj'^ 3 out of 92 
tubules, punctured at random, proved to be distal segments. Some 
special method of identification had to be designed for, though their diam- 
eter is smaller than that of proximal convolutions in a ratio of 2:3 when 
the measurements are made after death in dissected specimens (table 1), 
this difference is either absent or indistinguishable during life wffien the 
tubule lumina are dilated. We attempted to utilize the preferential vital 
staining of proximal convolutions bj"^ trypan blue in several series of e.x- 
periments on guinea pigs and rats, hoping that the distal segments wnuld 
appear as unstained tubules against a blue background. The attempts 
were unsuccessful for, though differentially stained, the contrast betw^een 
the tw'O segments could not be seen in the living animal. 

It has, how^ever, proved possible to identify distal tubules by the use of 
phenolsulfonephthalein. Six milligrams were injected intravenously and, 

5 minutes later, the ureter was clamped to produce a maximum concentra- 
tion of the djm. Under these circumstances the lumina of scattered tubules 
throughout the field became deeply colored and this color w'as particularly 
w^ell seen wffien the tubule, ascending directly to the surface, allowed one to 
observe a column of fluid in depth. These colored tubules have uniformly 
proven to belong to distal convolutions. One such tubule w'as selected, its 
position relative to its surroundings noted, the clamp removed from the 
ureter, and puncture subsequently performed. Identification by this 
method involving, as it did, coloration of the tubule fluid made certain 
iixipossible. The collection of satisfactory specimens has also been 
complicated by the small amounts of fluid available and the difficulty of 
establishing an adequate block. In 3 successful experiments the average 
volume collected has been only 0.07 c.mm. and its rate of coUection 0.31 
c.mm. per hour. IWiile such small volumes w^ere anticipated on theoretical 
grounds and w’^ere consistent with the demonstration of fluid reabsorption 
in the proximal tubule (6) the}'^ have imposed added difficulty on our 
analytical teclmique. men an oil column was injected into a distal 
tubule it would move onw^ard in the direction of a collecting duct but then. 
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as collection of fluid was started, v'ould return to the jiipette point and often 
take up a position proximal to it. Under these circumstances of course the 
collected fluid was derived from distal to the point of puncture and the re- 
sults of its analysis became meaningless. This difficulty was prcsumablj" 
associated Avith the low intra tubular pressure and the extremely sIoav rate 
of flow Avhicli exists Avitliin the distal convolutions. Our methods for 
identification of distal tubules and for tlie collection of fluid from them are, 
then, still imperfect. 

Methods of identifying the site of pjinctnrc. The collection and anal3’’sis of 
fluid possessed little or no significance unless the site of the collection could 
be accuratel}’^ determined. The problem presented difficulties. In the 
earlier stages of the inA’'estigation attempts were made b}’’ our former col- 
league, Prof. Rudolf ivempton of Vassar College, to identify the punctined 
tubule bj'^ examining serial sections of a block of kidne}' tissue Avhich con- 
tained the nephron in question . The method was veiy time-consuming and 
rarel}’- provided more information than that the puncture was in a proximal 
or distal segment. Recourse was therefore had to the technique of macera- 
tion and dissection. 

At the conclusion of each experiment, a pipette containing a 1:10 
dilution of “soluble” India ink was reinserted into the tubule from which 
fluid had been collected, and a small quantity of ink injected. The Iddne}” 
was then placed in 10 per cent formaldeltyde. After two or three daj^s of 
fixation it Avas removed and the small ink spot fying AA'itliin the tubule and 
beneath the capsule around the puncture AA’ound AA\as located AA’ith a hand 
lens. A AA’edge shaped segment of kidnej’’ extending AA'ell into the papilla 
and containing the punctured nephron AA-as then excised, care being taken to 
leave about 5 mm. of tissue around the central-ljfing ink mark. This 
block AA'as placed in a stender dish containing concentrated hj'^drochloric 
acid and alloAved to macerate until sufficientlj’’ softened for dissection. The 
length of the time required depends on the room temperature and the speci- 
men therefore must be carefull.y Avatched, for a feAV hours' excessive macera- 
tion will destroy the structure of the nephrons completeljL Under the 
conditions of our laboratoiy from one to three da^’^s Avas found to be most 
fnAmrable. The acid AA'^as then poured from the softened tissue and it AA^as 
rinsed by decanting AAdth scA’^eral changes of distilled AA’^ater. 

Dissection and isolation of the nephron AA'as done under Avater beneath 
the binocular microscope at a magnification from 20 to 60 times, in the same 
dish AARich had contained the specimen from the beginning of the macera- 
tion. Strong direct light against a black background Avas found most use- 
ful during dissection, though transmitted light proA'^ed helpful in locating 
the ink AAothin the tubule. Steel needles, frequentfy cleaned AAoth an emeiy 
cushion to aAmid the stickiness of the softened tissue, AA^ere used to untangle 
the marked nephron. No description of this procedure is possible, but its 
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progress is shoM-n m figure 2. The most hazardous part of these manipula- 
tions was the final separation and disentanglement, without breakage, of 



Fig. 2. Progiess of dissection of a nephion (expt. 41 (6)). A, the surface of the 
kidnej’ of a guinea pig after maceration showing ink in lumen of tubule. B, pre- 
liminary separation of cortical tubules; loops of proximal convolution containing 
ink are clearly seen. C, the isolated complete nephron showing in D, the final 
separation of the distal from the pioximal convolution. INIagnification A, C and D 
22X; B, 32X. 

the distal convolution from the redundant coils of the surrounding pro.ximal 
convolution (fig. 2d). 
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Oislal Convolution 
Entire Nephron 
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Proximal Convolution 
Distal Convolution 


!l5mm. 
53mm. 
.2.7 mm. 
19.5 mm. 

.060 mm 
.038 mm 
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Proximal Convolution 109mm. 
Loop of Hcnic 80 mm. 

Oisfaf Convolution 24mra 

Entire Nephron 213 mm. 

Diameter 


Proximal Convolution 
Distal Convolution 


.068mm. 
057 mm. 


Site of Collection 
ftet.Ccnv-375mm from Glomerulus 
33 5^ of Proximal 


Site of Collection 
Pfcx Conv-625n»m.{^m Clomcnilus 
57S» of Proximal 


FIG. 10 
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.046mm. 
034 mm. 


Figs. 8, 9, 10. Camera lucida drawings of representative nephrons after micro- 
dissection showing the point of entrance of the pipette (arrow) and oil droplets in 
the tubule lumen. The small inserts show the position occupied by the loops of the 
convoluted tubules before microdissection. Figure 8, rat; figure 9, guinea pig, 
experiment 55 (6) (cf. fig. 3); figure 10, rat, experiment 58 (6). Magnification 23X. 
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a source of error in measurement, namely, the effect of foreshortening pro- 
duced by the coiling of the loops of the convoluted tubules, vas removed by 
placing thin glass capillary tubes across the floating tubule so that its loops 
Avere flattened down against the bottom of the dish in a single plane. 

The actual measurement of the length of the various portions of the 
nephron was made on this drawing by means of a map measure with a 
small wheel with ivliich the straightened and flattened tudstings of the 
tubule could be easil^y followed. Measurements of the diameter of the 
tubule in various segments ivere made on the actual specimen at a magni- 
fication of 43 times with a filar micrometer. The mean of at least ten 
measurements ivas used as the final expression of the diameter, a value 
sufficiently accurate for the purpose of these experiments, though it must 
be recognized that such an eimluation ignores the fact that in the h 3 ^per- 
trophied proximal convolution the straight terminal portion, comprising 

TABLE 1 


Measurements of hypertrophied nephrons 



PKOXIMAt* CONVOtiUTlOK 

LOOP OP 
HEKLE 

DISTAL CONVOLUTION 


Length 

Diameter 

Length 

Lcngtii 

Diameter 


mm. 

mm. 

mm. 

mm. 

mm. 

Rats (37) 

11.4 

(6.8-19.3) 

0.058 

(.04 -.080) 

6.7 

(5.0-9.8) 

2.4 

(1. 2-3.0) 

0.040 

(.032-. 050) 

Pigs (37) 

S.O 

(6.5-11.6) 

0.056 

(.039-.079) 

5.7 

(3.8-8. 5) 

1.7 

(0. 9-2.8) 

0.044 

(.034-.062) 


about one-third of its length, maj’- be twent 3 ^-five per cent thicker than the 
mean diameter of the convolution as a v’hole. A summary of these meas- 
urements is shown in table 1. 

Besides the measurement of the length of the Amrious portions of the 
nephron, the distance of the point of entrance of the pipette from a glo- 
merulus AAms also recorded by means of the map measure. 

This completed the morphological data on the nephron. The final pro- 
cedure, accomplished in part during the course of the earlier dissection, 
was the isolation and inspection of neighboring nephi’ons to make certain 
that they had not been entered by the pipette or tom so that a source of 
contaminating tubule fluid had been produced. Ink granules AA^hich had 
leaked from the punctured tubule lumen Avere found not uncommonl3’' in 
the interstitial tissue and on neighboring tubules, but its presence on the 
surface of an intact tubule rather than in its Avail or its lumen alloAA’^ed an 
eas3'' decision as to Avhether a possible contamination could have occurred. 
In five instances such accidents Avere found to have happened; tears were 
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seen in contiguous tubules or their lumens contained either ink or, more 
frequently, oil droplets which showed plainly that more than one nephron 
had been involved in the experimental puncture. 

To sum up the advantages of the morphological procedure it may there- 
fore be stated that an objective and permanent record which allowed 
accurate quantitative measurement was obtained; that the position of the 
point of entrance of the pipette into the tubule lumen relative to the re- 
mainder of the nephron could be accurately determined; that the adequacy 
of the oil block could be demonstrated and that errors due to entrance into 
more than one nephron, errors not appreciated during the course of the ex- 
periment, could be positive^ eliminated. 

SUMMARY 

Methods have been developed for observing the kidney surface in 
anesthetized mammals and for collecting fluid from single glomeruli, 
proximal tubules, and distal tubules. Sufiicient amounts of fluid can be 
collected for quantitative analysis by ultramicro methods and the precise 
locus of the collection can be determined. 

It is unnecessary, but a pleasure to us, to remark that these experiments 
are a direct and logical continuation of those initiated b}’’ Prof. A. N. 
Richards many j'-ears ago and to record his continuous encouragement and 
advice in their execution. 
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Metliods have been developed for the collection of fluid from single 
glomeruli and tubules of the mammalian kidne 3 ’- (1), The amounts of 
fluid which can thus be collected, though small (from 0.03 to 0.70 c.mm.), 
were sufficient for quantitative anaU’-sis b\’' ultramicro methods (2), and 
such analj’ses lla^'e been jjerformed in a series of 92 experiments upon 
rats, guinea pigs and opossums. It was the design of the e.xperiments to 
learn some of the changes wliich occur as fluid descends a tubule from the 
glomerulus toward the ureter and to establish the site of these changes, the 
same type of experimentation which has jnelded considerable information in 
the amphibian Iddney (3). In the present instance it has confirmed e.xist- 
ing ideas of glomerular function, established the site of glucose reabsorp- 
tion, and shed some light on the extent and type of fluid reabsorption wliich 
occurs in the proximal tubule. 

Methods of analysis. The analytical methods, excepting that for sodium, 
were de^^sed in connection with the experiments upon ampliibia and are 
fullj'^ described in the publications to which reference will be made. Thej'' 
were carried out in small glass capillaiy tubes. Changes in the original 
techniques and details pertinent to the present investigation are sum- 
marized in the following paragi’aphs. 

Protein (2). A polished black surface was used as the background, and a micro 
lamp with 300 watt bulb and spherical condenser as the source of illumination, in 
examining for the presence of precipitate. The concentrations of protein ascribed 
to glomerular and tubule fluid in the text are based on control experiments in which 
various dilutions of guinea pig blood plasma, assumed to contain 7 per cent protein, 
were used. Concentrations less than 0.03 per cent could not be distinguished with 
certainty. The results are only quantitative in the sense that, for example, 0.05 

^ The expenses of this work have been defrayed in large part from a grant by the 
Commonwealth Fund of New York. The results of the experiments were reported 
before the American Phjfsiological Society at Chicago in April 1941 (This Journal 
133; 480, 1941). 
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per cent could be readily distinguished from 0.10 per cent. The method of Shevky 
and Stafford (4) was used for the macro analyses of protein in bladder urine. 

Reducing substances^ (5). The accuracy of the ultramicro colorimetric method 
was re-examined by comparing its results with those obtained by the Shaffer-Somogjd 
macro method (6) in the analysis of 6 specimens of guinea pigs’ and rats’ blood 
plasma. The results of the two methods did not differ by more than 8 mgm. per 100 
cc. and the average difference was 4 mgm. per 100 cc. Fluids containing more than 
126 mgm. per 100 cc. were diluted pre^nous to analysis, since full color development 
in capillary tubes does not occur above this concentration and since the color be- 
comes difficult to read accurately. Analyses of volumes of tubule fluid less than 
0.10 c.mm. and of blood plasma less than 0.15 c.mm. gave incomplete color develop- 
ment and the results of experiments in w'hich such volumes were used have been 
omitted. Heparin should not be used as an anticoagulant. 

In the experiments upon guinea pigs, the concentration in tubule fluid was com- 
pared with that of two specimens of blood plasma collected at the beginning and end 
of the experiment, their average being obtained by interpolation to the mid-point 
of the experiment. Because the animals were eviscerated and a considerable inter- 
val of time separated the two plasma collections, the glucose concentration of speci- 
men 2 averaged 40 mgm. per 100 cc. less than specimen 1. This fall in glucose con- 
centration diminished the accuracy of the average plasma value recorded in table 1. 
The fall was so marked following the injection of phlorhizin, that the eviscerated 
guinea pig could not be used for this type of experiment unless the hepatic circula- 
tion were left intact, a procedure too difficult for routine use and employed but once 
(expt. 31). 

In the experiments upon rats, since evisceration was unnecessary, the blood glu- 
cose was quite constant, and comparison could be made with a single specimen of 
plasma obtained from the animal’s tail at the mid-point of the collection. 

The bladder urine formed by guinea pigs during the experiments had an average 
concentration of reducing substances of 0.06 per cent when analj'zed by the ultra- 
micro method, and 0.13 per cent by the Shaffer-Somogyi macro method. The greater 
part of these substances was not glucose for 6 of the same specimens, when analyzed 
for fermentable sugars, contained an average of only 0.019 per cent. The values for 
urine have been omitted from table 1 because of the presence of these non-ferment- 
able reducing substances but they do not, apparently, appear within the proximal 
tubule in sufficient concentrations to affect analyses of fluids from this site. 

Creatinine (7). The procedure referred to as “method B’’ was used both for 
plasma and tubule fluid. In the preparation of protein-free filtrates of plasma we 
employed 1 volume of plasma, 0.5 of 10 per cent sodium tungstate, 8.5 of N/25 sul- 
phuric acid. The accuracy of the method proved to be as previously described. 
The comparison between tubule fluid and blood plasma in guinea pigs was made 
less accurate by the rapid fall in plasma concentration (averaging 0.015 per cent) 
which occurred between collection of the two blood specimens; the plasma figure in 
table 1 was obtained by interpolation to the mid-point of the experiment. In rats 
the plasma concentration only changed an average of 0.003 per cent during the 
course of an experiment, and comparison was usually made with a single specimen 
obtained at the mid-point of the experiment. 

Osmotic pressure (8). In previous papers the results of this measurement have 
been designated — somewhat inaccurately — as “total molecular concentration.’’ The 
measurement consists in comparison of the vapor pressures of tubule fluid and plasma 

^ The macro analyses for reducing substances, chloride and protein were made 
by Miss Ethol Shiels, Department of Pharmacology, University of Pennsylvania. 
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by Barger's capillnrj' method for detennining molecular weight. The results given 
in table 1 show the number of micrometer scale divisions, each equivalent to 4.7/i, 
by which a column of tubule fluid changed in length during 48 hours' equilibration 
in a glass capillary tube against heparinized blood plasma from the same animal. 
In each experiment a similar comparison was made between bladder urine and 
plasma, and a third (control) capillary was prepared in which all of the columns 
were bladder urine. The results of this latter comparison, omitted from the table, 
show an average change in length of only 1,8 scale dirisions — an insignificant differ- 
ence. 



Fig. 1. Each dot represents an experiment in which blood plasma of a rat or guinea 
pig was compared with sodium chloride solutions of known concentrations. The 
ordinates represent the number of micrometer scale divisions (each 4.7/i) by which 
the 2 mm. column of plasma increased (4-) or decreased (— ) in length during 48 hour 
equilibration in a glass capillary tube. 

In figure 3 the same results are plotted in terms of percentage differences between 
the fluids and plasma; this quantitative expression was obtained from a series of 11 
control experiments in which columns of blood serum or heparinized blood plasma, 
collected from the vena cava, renal vein, or tail of normal or operated guinea pigs and 
rats, were equilibrated with sodium chloride solutions of known concentrations by 
precisely the same procedure. The results show that 10 per cent differences are 
readily recognizable and that the osmotic pressure of plasma is approximately that 
of a 1.0 per cent NaCl solution. They yield the curves shown in figure 1, reference to 
which enables the experimental results to be expressed as percentage differences, 
and they are so charted in figure 3. 
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In the experiments it was often necessary to use less than 0.2 c.mm. of tubule 
fluid; when this M'as the case similarly small amounts of bladder urine were used. 
When the difference in osmotic pressure between the two fluids being compared is less 
than 20 per cent, the resulting change in colmnn length was found to be independent 
of the volume used; when the difference exceeds 20 per cent, the use of small volumes 
resulted in an osmotic pressure reading below the actual value. The great majority 
of the tubule fluid determinations are therefore not open to objection on this score 
but the osmotic pressure of the bladder urine specimens has been underestimated. 

Chloride (9). The accuracj' of the ultramicro method was re-examined in a series 
of 10 experiments on sodium chloride solutions, blood plasma and urine specimens. 
Each specimen was analyzed by both ultramicro and Eisenman (10) macro methods ; 
the average difference between results by the two methods was 2.7 per cent, the 
maximum 4.9 per cent. The concentration in tubule fluid was usually compared with 
that of a single specimen of oxalated blood plasma obtained in mid-collection or at 
the end of the experiment. Such comparisons are justifiable for, in 2 experiments, 
blood specimens collected at one hour intervals showed a maximiun difference of 1.5 
per cent. Results are recorded in terms of milligrams of sodium chloride per 100 cc. 
and have been corrected for dissolved chromate and creatinine, the latter correction 
being only necessary in some experiments and then only in the case of bladder urine. 
The values reported for tubule fluid proved to be unaffected by preliminary precipi- 
tation vdth zinc hydroxide. Blood plasma collected from the renal vein had the same 
concentration as that collected elsewhere. 

Sodium. An ultramicro colorimetric modification of the Butler-Tuthill (11) 
gravimetric method has been developed by Doctor Bott and will be described in a 
separate publication. Its accuracy is similar to that of the other methods employed 
in this investigation. 

Results. The results of analyses upon 59 of the 92 specimens which 
have been collected appear in table 1 and figures 2 and 3. Thirty-three 
experiments have been excluded on the following grounds: site of collection 
could not be identified (eleven) or could only be identified as "a proximal 
convolution” (seven); no precautions (“block”) against contamination of 
the collected fluid by fluid originating distal to the site of collection (six) ; 
more than one tubule punctured (five); inadequate fluid for accurate 
analysis (three) ; one additional experiment (B-46) will be mentioned in the 
text. The remaining 59 experiments have been carefully reviewed and 
are regarded as free from known technical fault; in each the block was 
adequate, the site of collection accurately determined,® and the analysis 
acceptable. In the entire series of experiments, the average duration of 
the collection was 21 minutes and the average amount of fluid available for 
one or more analyses 0.27 c.mm. 

We have adhered to the practice, employed in the amphibian experi- 
ments, of defining the site of collection in terms of fractions of total tubule 
length rather than in terms of millimeters from the glomerulus. The ex- 
periments in table 1 have been ari-anged in that order and the symbols in 

® Two experiments, 7 and 12, have been included though two units were found 
punctured at the time of dissection since it did not appear to us that the result of 
either experiment could have been influenced by this accident. 
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Results of analyses of glomerular and lubnle fluid 
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figures 2 and 3 have been plotted on that basis. The figures in column 3 of 
the table will permit rearrangement of the data on the basis of absolute 
length. 

Since a comparison is being made between a protein-free fluid and blood 
plasma, the concentrations in the latter should be reported on the basis of 
plasma water. A plus correction of 7 per cent has therefore been added to 
the results of the plasma analj’-ses. No such correction is indicated in the 
ca.se of osmotic pres.sure measurements (]2). 

Prokin. Fort 3 ’’-onc specimens of fluid from glomeruli and pro.vimal 
tubules were tested for protein. No protein was found in 25 .specimens; 
the eircumstances of the test were such that 8 of these would have been 
positive had thej’- contained 0.03 per cent, 17 liad the.v contained 0.08 per 
cent. Of this group two were collected from glomeruli and two from within 
1 mm. of a glomerulus. Sixteen specimens gave iiositive tests for protein; 
14 of these contained less than 0.2 per cent and 9 less than 0.08 per cent. 
Twelve specimens of bladder urine, collected at the end of the experiments, 
contained an average of 0.17 per cent. 

These results confirm the present belief that normal glomerular fluid con- 
tains either no protein or, at most, veiy small amounts. Thej’ do not 
distinguish between these two alternatives, but they have the "vurtue of 
excluding anj^ third possibilit 5 ^ It was demonstrated that slight mechani- 
cal trauma to glomerular capillaries, far short of actual rupture, 'utII make 
them permeable to gross amounts of protein. 

Reducing substances. The 22 experiments summarized in table 1 and 
figure 2 prove that glucose occurs in glomerular fluid in concentrations 
similar to those in blood plasma and is j’eabsorbed as fluid flows through 
the proximal tubule. The site of glucose reabsorption is thus identical in 
the.se animals and in amphibia (16) and, as in ampliibia, the process is 
practicallj'' completed bj'' the first half of the proximal convolution. 

The amount of glucose reabsorbed bj’’ the kidne.y tubules is not fixed but, 
like other aspects of renal function, is capable of variation. It increases, 
for example, during moderate rises in plasma glucose concentration as the 
absence of gl 3 ''cosuria under these circumstances indicates. Tn-o mecha- 
nisms might be concerned in such an increase of the reabsorptive process. 
As plasma concentration rises, fluid reaching the latter part of the proximal 
convolution, normall 3 ’' free of glucose, might now contain it and this portion 
of the convolution share in the I'eabsorption. Alternati'^'^eb’’, larger 
amounts of glucose might be reabsorbed b 3 ’' the earlier part of the proximal 
segment. In the present experiments this second alternative would seem to 
be demonstrable. Tiflien collections from comparable levels of the tubule 
are examined (table 1, expts. 16 and 17, 28 and 33) the tubule fluid/plasma 
ratios are seen to be very similar though the plasma glucose concentrations 
differ widely. Unless large and fortuitous changes in glomerular filti-ate 
volume occurred in these nephrons, the results prove that the earlier parts 
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of these tubules reabsorbed more glucose when it was presented to them in 
increased amounts. 



Fig. 2, Chart showing concentration ratios between blood plasma and fluid col- 
lected from glomeruli and proximal tubules with respect to exogenous creatinine, and 
to reducing substances with and without the preliminary injection of phlorhizin. 
Sites of fluid collections can be identified by reference to the diagrammatic tubules. 
The inset contains results of experiments upon guinea pigs, separated from those 
upon rats because the fluid/plasma concentration ratios were of a different order. 
The curves are drawn to indicate the concentration ratios which would result from 
the reabsorption of 12.5 per cent (inset 7.5 per cent) of the fluid of glomerular filtrate 
by each 10 per cent of the tubule length. 

In the single experiment (table 1, expt. 24) in wliich creatinine anal- 
yses permitted calculation of glomerular filtrate volume in the nephron 
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under examination, it was computed that glucose was reabsorbed at the 
rate of 0.001 mgm/mm. of proximal tubule/hour. 

Fluid rcahsorption. In 11 experiments on rats, and 1 on a guinea pig, 
200 mgm. of phlorhizin per kilogram were injected subcutaneously 30 min- 
utes before the prepai-ation was begun. The fluids, subsequently collected 
from portions of the proximal tubules, were analyzed for reducing sub- 
stances and the results of these analyses appear in table 1 and figure 2, 
As has been believed, and demonstrated in amphibia (16), the reabsorption 
of glucose b}'’ the proximal tubule is arrested. If this alone occurred the 
concentration in tubule fluid would approximate that in blood plasma but, 
since it rises markedly above plasma concentration, some additional process 
must be involved. Onkv two proceases could be concerned; the first, an 
active secretion of glucose by the proximal tubule, docs not merit considera- 
tion (16) ; the second is the rcabsorjition of fluid and this we believe the ex- 
periments to demonstrate. 

The problem of fluid reabsorption has also been examined by determina- 
tions of exogenous creatinine. In 18 experiments on rats and guinea pigs, 
following the subcutaneous injection of 300 to 500 mgm. of creatinine/kgm., 
fluid was collected from glomerali and portions of the pro.ximal tubules. 
The results of these analyses, and their comparison with plasma also appear 
in table 1 and figure 2. As was the case with glucose, the concentrations in 
tubule fluid rise markedlj'' above those in plasma. In 4 experiments, both 
analj’^ses were performed on the same specimens of tubule fluid udth the 
following results; 


TOBCtE FLUIp/PtASMA CONCENTnATION HATIOS 



B-42 

32 

36 

38 

Creatinine 

1.55 

1.76 

2.15 

2.16 

Glucose 

1.42 

1.66 

2.08 

2.48 





The similarity between the results obtained bj'’ these two methods make 
it unnecessar}'- to consider the possibility of creatinine secretion.'* The 
fluid/plasma ratios with this substance, as with glucose, maj^ be at- 
tributed to the reabsorption of fluid. 

It could be argued that some creatinine was secreted b}' tlie normal rat but that 
secretion was abolished by phlorhizin in these 4 e.xperiments. Such an effect of 
phlorizin has been described in man (13) but it has not been reported in other 
mammals and an examination of table 1 does not suggest that phlorhizin has lowered . 
the concentration ratio of creatinine in these experiments (expts. 35 and 36, 3S and 
39) . Simultaneous inulin and creatinine clearances have not been performed in rats 
but the similarity between these two measurements in other lower mammals (14) 
(15) is also acceptable evidence against the secretion of creatinine. 
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The two series of experiments® may then be considered together. They 
demonstrate the reabsorption of very large amounts of fluid by the proximal 
tubules of both animals. It will be obseiwed that the concentration ratios 
rise more and more abruptly as fluid is collected further and further from 
the glomerulus. This suggests that similar amounts of fluid are reabsorbed 
per unit of tubule length, for such a reabsorption would produce a progres- 
sivelj'^ greater effect upon the concentration ratios as these ratios increase. 
The suggestion was tested by drawing the curves in figure 2 (see legend) 
and, since the data fit them, the suggestion maj’^ be accepted. In rats 
about 12.5 per cent, in guinea pigs about 7.5 per cent of the fluid of glo- 
merular filtrate is reabsorbed by each 10 per cent of the first half of the 
proximal convolution. 

The average concentration ratios, at a point half way down the proximal 
tubule, demonstrate that 60 out of each 100 cc. of glomerular fluid has been 
reabsorbed in rats, 40 out of each 100 in guinea pigs. It is technicallj'' 
impossible (1) to collect fluid from the end of the proximal convolution but 
it seems proper to assume that the fluid reabsorption continues, though 
necessaiily to a lesser extent in rats, throughout the second half of this seg- 
ment. The reabsorption of a total of 80 out of each 100 cc. of glomerular 
fluid, with a consequent concentration ratio of 4.0, would seem a conseiwa- 
tive estimate. If this estimate be allowed, it follows that only 18 or 19 cc. 
of fluid need be reabsorbed by the entire loop of Henle and distal convolu- 
tion to account for the concentration ratios oliserved in the bladder urine of 
these animals. This predominance of the proximal tubule in fluid reab- 
sorption was not anticipated. It is the reverse of the situation which has 
been demonstrated in amphibia (16). It supports the prescient suggestion 
of Homer Smith (17) that “a great part of the water might be reabsorbed 
in the proximal tubule.” 

It is pertinent to inquire the effect of changes in the volume of glo- 
merular filtrate upon this fluid reabsorption, for the question constantly 
arises in studying the role of the glomerulus in diuresis. When glomerular 
filtrate increases, does the tubule continue to reabsorb the same amount of 
fluid as previously or does it reabsorb the same percentage of the fluid now 

* Two experiments are selected for special mention. The effect of phlorhizin in 
abolishing glucose reabsorption was shown particularly well in experiment B-42, 
omitted from table 1 because the site of collection was not accurately determined. 
Two collections were made from the same site in the same proximal tubule; the first, 
previous to the intravenous injection of phlorhizin, showed a fluid /plasma ratio of 
0.48; the second, after the injection, a ratio of 1.42. Experiments 40 and 18 illustrate 
well the increasing concentration ratios of fluid collected at increasing distances 
from the glomerulus; two collections were here made from the same proximal tubule; 
in the first, 43 per cent of the distance from glomerulus to loop of Henle, the ratio 
was 1.88; in the second, 24 per cent of the same distance, it was 1.54. A drawing of 
this nephron appears in figure 4. 
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reaching it in greater aniounte? In the present experiments tlic percentage 
rather tlian the amount of reabsorption remained constant; fluids descend- 
ing the tubule at very different rates (“rates of collection”) showed very 
similar degrees of concentration (table 1, expts. 35 and 38). This obseiwa- 
tion applies only to the site of experimentation: early proximal tubule. 
It does not impl 3 " that the same percentage rcabsorption would persist in 
the jircsence of higher rates of glomerular filtration, but it serves as another 
example of the adaptabilit 3 '’ of tubule activit 3 ' which was noted in connec- 
tion with glucose rcabsorption. 

The validit 3 ’' of using these concentration ratios in tubule fluid to measure 
fluid reabsorption ma 3 ' be examined b 3 ’^ inquiring what demands the 3 ’’ make 
upon the rate of glomerular fluid formation. To supph’- the amounts of 
creatinine and glucose found in tubule fluid, glomeruli in guinea pigs must 
have formed an average of 1.00 c.mm. of fluid/hr. (7 expts.) with a maximum 
of 1.37, and in rats 1.9G c.mm./hr. (17 expts.) with a maximum of 3.76.® 
These demands are reasonable, for fluid has actuali 3 " been collected from a 
guinea pig glomerulus at the rate of 1.1 c.mm./hr. and from veiy close to a 
rat glomerulus at 3.3 c.mm./hr. 

It ma 3 '- seem that a more direct way of measuring fluid reabsorption than 
the use of concentration ratios would liave been to compare the amounts of 
fluid collected from various levels of the proximal tubule. The technical 
difficulties involved in making these measurements, and the improbability of 
the assumption that glomeruli in different animals are forming fluid at simi- 
lar rates, diminish the significance of this procedure. Nevertheless a 
general trend in the anticipated direction appears when the experiments 
are grouped according to the sites of collection; this trend is sufficiently 
definite in the experiments on rats to confirm the proof that considerable 
fluid Ls reabsorbed in the proximal convolution: 


AVERAGE RATE OF COLLECTION (CU, MM./HR.) FROM THOXIMAL 
CONVOLUTION 



First fifth 

Second fifth 

Tfiird fifth 

Rats 

! 1.7 (3) 

1.1 (8) 

0.8 (13) 




Additional information as to the character of this fluid reabsorption is 
obtained by an examination of the osmotic pressure estimations. 


’’ When the amounts of fluid formed per glomerulus per hour are calculated from 
the bladder urine analyses in these e.xperiments, the average, in 17 guinea pigs, was 
1.3 and in 17 rats, 2.1 c.mm. The data are imperfect for the procedure was not 
designed for the performance of clearance experiments, but they may be regarded as 
supporting evidence for the above results. Incidentalb’’, since they are computed on 
the basis of all glomeruli being in constant activity, their agreement with the results 
from single nephrons constitutes evidence against intermittence. (See also (1, P- 
569).) 
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Osmotic pressure. The osmotic pressure of fluid from glomeruli and the 
proximal tubules of rats, guinea pigs, and an opossum was directly com- 
pared with that of blood plasma in 21 experiments. The results, recorded 
in table 1 and figure 3, show substantial identity between the two fluids. 
Eight additional experiments gave similar results but are omitted because 
the sites of collection were not accurate^ determined. These results are 
analogous to those which have been described in the case of amphibia (8). 
Since the tubule contents, during and after the reabsorption of large 


CHUORIOE & SODIUM CONCENTRATION 1 OSMOTIC PRESSURE OP TUBULE FLUID 



Fig. 3. Chart showing concentration ratios between blood plasma and fluid 
obtained from glomeruli, proximal and distal tubules and bladder with respect to 
osmotic pressure and concentrations of chloride and sodium. The ordinates on the 
left apply to glomerular and tubule fluids, those on the right to bladder urines. The 
values for osmotic pressure were obtained by interpolating the observed change in 
column length on the curves of figure 1. Site of fluid collections can be identified by 
reference to the diagrammatic tubule. 

amounts of fluid, thus remain in osmotic equihbrium with blood plasma,’ it 
must be concluded that the reabsorbed fluid is isosmotic with plasma. 
Three specimens were collected from the distal convolutions of rats under 

’’ The statement must be qualified to this extent; the fluid is certainly not hyper- 
tonic to blood plasma, but a number of the experiments suggests that it is slightly 
hypotonic. In all but 2 experiments the difference is scarcely beyond the error of the 
method but, if it be accepted as valid, indicates that these fluids have an osmotic 
pressure about 5 per cent less than that of plasma. In 2 experiments (17 and 39) the 
difference is far outside any error in the method and both tubule fluids are definitely 
hypotonic to blood plasma. No technical errors were recognized. It may be sig- 
nificant that the bladder urines in these 2 experiments have lower osmotic pressures 
than the great majority of such specimens. 
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circumstances Avhich prevented contamination by fluid from the collecting 
ducts (table 1, expts. 57 to 59). Two of these specimens (and one addi- 
tional specimen which was collected without this precaution) had osmotic 
pressures definitely below those of blood plasma, being approximately 
equivalent to an 0.8 per cent sodium chloride solution (fig. 1). In both 
cases the osmotic pressure of bladder urine was Avell above that of blood 
plasma. More data are required before any conclusions may be drawn, but 
if the low osmotic pressures of these tubule fluids be attributed to an active 
reabsorption of chloride and the high osmotic pressures of the bladder 
urines to a reabsorption of pure water (as distinct from fluid), then it would 
appear that the site of chloride reabsorption must be proximal to that of 
water. It has been customary to think that the site of water reabsorption, 
and of the increased osmotic pressure consequent upon it, lies in the loop 
of Henle. All three of these fluids had traversed the loop of Henle and yet 
did not show any increase in osmotic pressure. Two of them (expts. 57 and 
59) may have traversed this loop with abnormal rapidity, but insofar as 
they permit a suggestion it must be that the site of water reabsorption is in 
the late distal tubule or even in the post-distal connecting tubule rather 
than in the loop of Henle. 

Chloride and sodium. Since the fluid remaining in the proximal tubule 
is, as has been stated, in osmotic equilibrium with blood plasma, it had been 
anticipated that the chloride concentration of the two fluids would be the 
same. On the contrary, proximal tubule fluid proved to possess a distinctly 
Irigher chloride concentration than did plasma. This difference is demon- 
strated by the 14 expeiiments presented in table 1 and figure 3, and is sup- 
ported by 3 additional expeiiments in which the site of collection was not 
accurate^ determined. It is interesting to recall that a similar difference 
between the chloride concentrations of proximal tubule fluid and plasma 


are oil and the cross-hatched sphere in drawings 5 and 6 is a droplet of mercury. 
Magnification 23X . 

1 . Hypertrophied guinea pig nephron from experiment 2. Site of collection, 
glomerular. 

£. Normal guinea pig nephron from experiment 16. Site of collection 22 per cent 
down the proximal convolution. 

S. Hypertrophied nephron from phlorhizinized rat. Two experiments, 18 and 40, 
were completed on the one tubule. Experiment 18, site of collection 24 per cent and 
experiment 40, 39 per cent down the proximal convolution. 

4 . Hypertrophied nephron from the phlorhinized rat of experiment 45. Site of 
collection 47 per cent down the proximal convolution. 

5 . Hypertrophied nephron from rat of experiment 35. Oil and mercury used to 
block the lumen. Site of collection 40 per cent down the proximal convolution. 

6 . Hj’-pertrophied nephron from the rat of experiment 59. Oil and mercury used 
to block the lumen. Site of collection 25 per cent down the distal convolution. 
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was suspected in amphibia (8) . There, the diHference was so small in degree 
as to make its significance open to doubt. Here, it is altogether definite. 
Expressed as sodium chloride, the average concentration in tubule fluid is 
0.870 per cent (0.7 to 0.980), the average in plasma 0.039 per cent (0.590 to 
0.077). The fluid/plasma concentration ratio reaches an average of 1.40 
in the first third of the pro.ximal tubule and remains at that point without 
further increase throughout the second third of this segment. The most 
logical explanation® of these events is that chloride appears in glomerular 
fluid in concentrations appropriate to an ultrafiltrate of blood plasma, is 
concentrated in the early proximal bj- the reabsorption of a nearlj'^ chloride- 
free fluid, and is maintained at this concentration b}-- the reabsorption in the 
later proximal tubule of a fluid containing approximatelj' 1.4 times the 
chloride concentration of plasma. 

The presence of a chloride concentration averaging 0.870 per cent in 
pro.ximal tubule fluid is not, in itself, inconsistent with the recorded osmotic 
pressure determinations, for the}' indicated the fluid to be in equilibrium 
with blood plasma and therefore to possess a pressure close to that of a 1.0 
per cent sodium chloride solution. It does, however, implj' the absence of 
some other of the osmotically active constituents of plasma, unless the 
unlikcl}' explanation of a depression of osmotic activity be considered. 
Ignoring this latter possibility, the most probable deficit would be in the 
bicarbonate ion. We haA'^e as j-et no direct e'\ndence that bicarbonate is 
reabsorbed and no quantitative determinations of pH have been made on 
tubule fluid; but the concentration of the sodium ion, in the two tubule 
fluids in which it was measured (table 1, e.xpts. 12 and 26), was insufficient 
to cover in the one instance more than 40 per cent, in the other instance 
any, of the normal bicarbonate concenti’ation of plasma in addition to the 
chloride demonstrably present in the tubule fluids. It maj'’ be observed 
that fluids of this general type, in osmotic equilibrium but electrolyte dis- 
equilibrium with blood plasma, are present elsewhere in the bod 3 ’', notablj’^ 
in the intestinal tract, eye, and central nervous sj’^stem. 

The majority of the bladder urine specimens in these experiments were 
h 3 '^potonic to blood plasma in respect to chloride. Some further portion of 
the nephron must therefore reverse the concentration ratio of the proximal 
segment and preferentialty reabsorb the chloride ion. 

® This explanation cannot be stated as a fact until the chloride concentration of 
glomerular fluid has been proven identical with that of plasma. This demonstration 
has been made in amphibia (9) but not in the present experiments. It is favored by 
observing that the 4 fluids with lowest concentration ratios were collected from the 
first third of the tubule. It is opposed by a single analj'sis of glomerular fluid (un- 
listed expt. B-46) which showed a fluid/plasma ratio of 1.40; this fluid was collected 
at the abnormally slow rate of 0.12 c.mm./hr. and W'e do not feel that its analj’'sis 
deserves credence until more data are available. 
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SUMMARY 

Occasional glomeruli, in guinea pigs, and certain portions of the proximal 
and distal tubules in a variety of mammals, are accessible to observation on 
the kidney surface during life. Fluid can be collected from these units in 
sufficient amounts to permit quantitative anatysis and the precise site of 
the collection can be identified. A series of experiments are reported in 
Avhich the composition of fluid thus collected has been compared with that 
of blood plasma in respect to protein, reducing substances before and after 
phlorhizin, exogenous creatinine, osmotic pressure, chloride and sodium. 

The anatyses indicate that glomerular fluid, entirely or nearly free of 
protein, contains reducing substances and creatinine in concentrations 
similar to those existing in plasma water. Within the proximal convolu- 
tion, all of the reducing substances and at least two-thirds of the fluid are 
reabsorbed. This fluid reabsorption is an isosmotic process, accomplished 
without producing an}'' increase in osmotic pressure of the fluid remaining 
within the tubule; it is not, however, a purely passive reabsorption of un- 
changed glomerular fluid for the chloride concentration of tubule fluid 
increases to a level 1.4 times that obtaining in blood plasma. The existence 
of this increased chloride concentration apparently requires that bicarbo- 
nate be preferentially reabsorbed by the proximal tubule, but the point has 
not yet been directly examined. The tentative conclusions, drawn from a 
small number of experiments with distal tubule fluid, are stated in the body 
of the paper. 
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Chemical temperature regulation may be defined as the increase in meta- 
bolic rate above the basal value when a resting and fasted animal is ex- 
posed to cold. There are two possible components of chemical tempera- 
ture regulation, namely, 1, an increase of metabolism without shi^■ering 
and presumablj’" due to hormones which stimulate energy metabolism, and 
2, shivering. 

Cannon, Querido, Britton and Bright (1927) have stated that these two 
components of chemical temperature regulation constitute first and second 
lines of defense in the protection of the warm blooded animal against cold, 
with the hormonal mechanism forming the fii’St line of defense and shiver- 
ing the second. They have noted marked s 3 Tnptoms of sympathetic ac- 
tivity when cats with denervated hearts were cooled by intragastric ice 
water and obser^'ed a rise in metabolic rate of normal men without shiver- 
ing when cooled in the same way. Since, as shown by Boothbj’- and Sandi- 
ford (1923) and others, epinephrine injections increase metabolic rate it 
is logical to assume a hormone control of temperature regulation wlfich 
functions to protect against cold. Swift (1932) obseiwed an average in- 
crease of metabolic rate of men of 11.3 per cent when exposed to cold 
without shivering but these individuals experienced “increased muscle 
tension” which Swift considered to be part of the shiveiing mechanism. 
Swift could find no change in blood sugar during the exposure to cold and 
cited this as evidence opposing Cannon's theoiy. IMore recently Burton 
and Bronic (1937) have made similar investigations on anesthetized cats 
and have taken, as their criterion of shivering, action currents from the 
muscles. They found no increase in metabolism vdthout evidence of mus- 
cular activity. 

Recently we have concluded an extended series of observations on the 
effect of anesthesia by members of the barbital group on shivering. Bar- 

! Technical assistance in this investigation V’as furnished by Willis Cheyney and 
Onni Overhouse of the Works Progress Administration, Official Project no. 665-71-3- 
69, Subproject no. 205. Financial aid was furnished by the Graduate School Research 
Fund. 
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bital anesthetics are particularly depressant on temperature regulatory 
functions especially shivering. Having these trained dogs at our disposal 
we have investigated the change in oxygen consumption rate when normal 
trained dogs are slowly cooled and ivhen shivering occurs. Dogs possess 
an advantage over human individuals in that they are not disturbed by 
subjective influences which in a man can effect shivering. For example, 
a human subject can voluntarily repress incipient shivering or can I'^olun- 
tarily imitate shivering movements. A trained dog not knowing the type 
of experimentation being observed is less likely to act voluntarily to aid or 
inhibit the start of shivering. The dogs ivere carefully trained and chosen 
and were used in a basal state without anesthesia. 

It is quite obvious that when the two components of chemical tempera- 
ture regulation are operating simultaneously in an extremely cold envhon- 
ment the two cannot be separated or evaluated. It is necessary to choose 
conditions wherein only one component is active. According to Cannon, 
Querido, Britton and Bright (1927) the hormonal component is first 
brought into play and is followed by shivering. Hence slow cooling of an 
animal should first initiate hormonal regulation to be followed later, when 
the cooling is more intense, lay shivering. Rapid cooling might bring both 
factors into action simultaneously and separate effects could not be de- 
termined. 

One of the most controversial phases of the problem is the measurement 
of shivering. This has been measured in three different ways as follows: 
1, visual inspection; 2, mechanical shivering recorders (Swift, 1932, and 
Hemingivay, 1940) and 3, measurement of muscle action currents (Burton 
and Bronk, 1937). Of these methods visual inspection is likely to be the 
least reliable and mechanical recorders rvhich depend on limb movements 
may not reveal contractions of small muscle units or muscle tension 
changes. For these reasons the electrical method is the one of choice pro- 
vided sufficiently high amplification can be obtained. 

With these considerations in mind ^ve have conducted experiments on 
dogs winch were slowly cooled in an electrically shielded cooling cabinet. 
The onset of shivering was measured electrically, mechanically and visually 
and metabolic rate, temperature, respiratory and cardiac rate measure- 
ments were made under basal, cooling and shivering conditions. 

Experimental. From twenty short haired dogs three were chosen for 
their ability to lie quietly in the metabolism apjjaratus for 2 to 4 hour 
periods. The animals were carefully trained for metabolism measurements 
and were used for the shivering experiments only when control experiments 
of two hours’ duration showed uniform oxygen consumption rates. On 
the day of the experiment the fasting animal was brought to the metabo- 
lism room and requhed to lie quietly at rest for 2 to 3 hours. The dog 
was then placed in the apparatus, as shown in figure 1, with his head 
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sealed in a head mask ihrmigh ivhich air circulated from a metabolism 
apparatus. I'lie body of tlie dog and head mask Avere placed in a doulile 

i' "'l ^ 

I’-'s: 




Fig. 1. Metabolism apparatus for measuring metabolic rate before and after onset 
of shivering. 

walled sheet iron chamber which acted as an electi'ical shield. The tem- 
perature of the chamber was controlled by regulating the temperature of 
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water flowong from a reservoir througli the hollow metal Avails. In this 
way reproducible and finely adjusted cooling rates could be obtained. 
Rectal and skin temperatures were measured by thermocouples. The 
forepart of the dog includmg the thoracic region rested on a fixed platform 
Avhile the hind legs rested on a movable platform suspended from AAdres 
and hinged to the fixed platform as shoAA'n in figure 1. Shivering Avas 
recorded by moA'ements of the suspended platform. Small electrodes AA’ere 
placed on the skin above muscles AA'hich AA^ere chosen for their Augorous 
shwering moA’^ements AA'hen the animal sliiA'^ered. These electrodes were 
connected to a preamplifier placed AA’ithin the animal chamber and the 
preamplifier Avas connected Avith a poAver amplifier placed outside. Con- 
nected AA'ith the poAver amplifier there Avere a loud speaker, a cathode ray 
oscilloscope and an integrator. The integrator AA^ich seiwed to rectify 
and smnmate the rapidly varjdng action potentials Avas connected to a 
recording gaRanometer and produced records similar to that of figure 2. 
Oxygen consumption, carbon dioxide and respiratoiy Avater production 

• 1 I I ii 


'' 1 . 




I 

Fig. 2. Record of integrated action potentials showing abrupt onset of shivering. 
Time intervals one minute. 

Avere measured by a closed circuit respiratory metabolism apparatus using 
soda lime and sulphuric acid absorbers. A refrigerator pump circulated 
air through the closed system and interchangeable sets of absorbers per- 
mitted metabolism measurements to be made in several periods. 

The fii-st experiments consisted of controls Avith the metabolism being 
measured in 20 to 30 minute periods during the course of 2 to 3 hours Avith 
the chamber temperature set at 28 to 30 degrees. In the course of tliese 
successive periods on any one day the A^ariation of oxygen consumption 
rate Avas Avithin ±2 per cent although the day to day A’^ariation Avas gi'eater. 
RTien shivering Avas to be produced the metabolism, in a control period 
at 28 to 30 degrees, Avas first measured. The absorption bottles Avere then 
changed and cool AA-ater Avas passed through the holloAv Avails of the chamber 
at such a rate that the chamber temperature dropped 5 to 6 degrees in 
20 to 40 minutes. During this period designated as the cooling period 
all of the indicators Avere carefully AA^atched for shivering Avhich included 
the electrical measuring dcAuces, the mechanical recorder and simply visual 
obseixation. At the first sign of shivering the absorption bottles Avere 




600 


ALLAN HEMINGWAY AND STAHKE H. HATHAWAY 


again clianged for the third or shivering period and the experiment was 
terminated after 15 to 30 minutes of shivering. Eacli entire experiment 
occupied four to five hours. 

Results. The onset of shiverimj. Tiic onset of shiimring was I'eadil}’’ 
detected cither lij'- the cathode ray oscilloscope, the loud .speaker or the 
integrator. Visible shivei-ing and movements of the mechanical recorder 
usually followed within one minute. The onset of shivering was usually 
abrupt. In some cases .shoid periods of shivering would be separated by 
quiscent interimls but as cooling continued the quiescent periods became 
progrcssivel^’^ shorter in duration. There was no indication of a gradual 

TABLE 1 


Basal mclaholicratesoj dogs used in experiments compared ivilh normal basal metabolic 

rales previously reported 
Basal metabolism values 


DOG 

'WEIGHT 

HEX 

OXYGEN' CONSUMP- 
TION DATE 

CALORIES PER 8Q. M. 
PER HOUR 


kitais 


liters per hour 


A 

0.3 i 

F 

\ 2. SO 

28. 2 

B 

13.0 I 

M 

! 4.40 

34.3 

C 

7.5 i 

F 

i 3-56 

1 

39.7 

Average . . . . . . 

34.0 




Normal basal metabolism values as given bj' other investigators 


OnSERVERS 1 

j -WEIGHT OF DOGS j 

MLS./SQ.M./Hn. 

Kitchen (1923) 


40.3 

Kunde (1926) 


32.4 

De Beer and Hjort (193S) 


43.6 

Lusk and DuBois (1924) 


32.2 

Morgiilis (1924) 


43.6 

Average j 

38.4 



rise in the integrated and rectified action potentials away from the base 
line before shhmring commenced. The sudden onset of shivering is shown 
in figure 2. 

Basal melabolisni. The weight and se.x of the three dogs used with their 
basal metabolism values are given in table 1. The heat production in 
calories per square meter per hour has been computed using hleeh’s formula 
and assuming a value of 4.82 for the calorific value of a liter of ox^'^gen. 
The basal metabolism values are in the range considered normal bj’’ the 
investigators listed in table 1. The dog A had an exceptionally low basal 
metabolic rate but this was to be expected because she ivas an old female, 
somewhat obese and very cooperative in her ability to rest in a relaxed 
state. The average basal metabolism of the tlwee dogs, 34.0 calories per 
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square meter per hour, was below the average values which have been 
given by various investigators as normal values. 

Ri&e in metabolic rate as a result of cooling without shivering. In table 2 
are hsted the relative values of the oxygen consumption rate of the pre- 
shivering cooling period followed by the shivering period. The control 
period (basal) value is arbitrarily assigned the comparative value of 100. 
There was always a shght rise in oxygen consumption rate Avhich varied 
from 0 to 4-22 per cent with averages for each dog as shown in table 2. 
The averaged values varied from 4-5 to -flO per cent. When shivering 
started the increases of metabolic rate were much more pronormced and 
of course would have increased with further cooling. 


TABLE 2 

Increase of metabolic rate on cooling 


DOG 

BEX 

KUMBER 
OF EXPERI- 
MEKTS 

BASAD 

j CO 01, 

SHIVEBIN-G 

Oj 

R.Q. 

i 0. 

I R.Q. 

Oi 

R.Q. 

— 

F 

6 

1 

100 

0.88 


0.87 

142 

0.80 

■■ 

M 

' 7 

100 

0.82 


0.87 

128 i 

0,94 

■i 

F 

6 

1 


0.83 


0.86 

124 ! 

1 

0.86 


19 

100 

0.84: 

107 

0.87 


0.89 


10 

100 

0.82 

98 

0.82 


0.84 


Discussion. Role of two components of chemical temperature regulation. 
It is evident from the results obtained in table 2 that the non-shivering 
component of chemical temperature regulation is so small that it is prac- 
tically without significance ivhen an animal is exposed to cold under the 
conditions described. An increase of basal metabolic rate of less than 10 
per cent can contribute very little in defense against cold and is unimpor- 
tant when compared with the increases of metabolism due to voluntaiy 
movements and shivering. It is possible that the non-shivering component 
of chemical temperature is even less than that measured since the skin 
electrodes may not have picked up action currents from individual muscle 
fibers which contracted before larger muscle fiber groups became active. 
On the other hand the abrupt onset of shivering as shown in figure 2 is 
eiddence against this since if sliivering conomences by a progressively in- 
creasing number of fibers becoming active then one could expect a slowly 
iwmg integrated action potential in.stead of the abrupt rise seen in figure 2. 
ence it may be concluded that ndthin the limitations of experimentation 
e lesults indicate that a non-shivei'ing component of chemical tempera- 
ure regulation exists but is without practical significance in protecting 
against exposure to cold. 

The increase of basal metabolic rate ivhich occurs after a prolonged 
exposme to cold has been observed by many investigators, e.g,, Horvath, 
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Hitclicock and Hartman (1938), Horst, Mendel and Benedict (1933) and 
Gelineo (1934). This effect whicli may explain the seasonal A'ariation of 
basal metabolic rate is evidently acquired as a result of acclimatization to 
a cold environment and requires a considerable period of time for its de- 
velopment. If an animal is cx'posed to cold without acclimatization, the 
non-shivering component of chemical temperature regulation is without 
appreciable value and the protection against cold depends practically on 
shivering. These results ai'C suggestive of a general plan for temperature 
control of warm blooded animals in wliich a nei’vous mechanism (shivering) 
protects against a sudden exposure to cold whereas the hormone mechanism 
(thyroid-adrenal) functions as a result of prolonged e.xposure to cold and 
may explain acclimatization, see Horvath, Hitchcock and Hartman (1938). 

SUMMARY 

The oxygen consumption rate and CO 2 production of three trained dogs 
have been measured while the animals were slowly cooled in an electrically 
shielded metabolism chamber. The onset of shi\'ering was noted b}' elec- 
trical, mechanical and visual methods. In the electrical method the action 
currents were picked up by small skin electrodes placed over shivering 
muscles. The action potentials were amplified and made to operate a 
loud speaker, a cathode ray oscilloscope and a recording electronic inte- 
grator. On cooling before shivering started there was an average increase 
of metabolic rate of 7 per cent over basal. During the fii’st 20 minutes 
of shivering the increase over basal was 30 per cent. These results indicate 
that the increase of metabolic rate without sliivering has little effect in 
combating exposure to cold. 

Achnowledgment. We wish to acknowledge the assistance of Dr. Otto 
H. Sclunitt of the Department of Physics, who designed the amplifier and 
integrator and William Kubicek who built these instruments. 
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In a series of papers Gellhorn and his collaborators, Cortell, Feldman and 
Kessler, have developed methods which allow one to investigate the ex- 
citabilit}’’ of the autonomic centers regulating the secretion of adrenalin and 
insulin in the rat. It was shown that drugs such as metrazol produce a hy- 
perglycemia in the normal rat and a hypoglycemia in the adreno-demedul- 
lated rat. If, however, the drug is injected in the adreno-demedullated- 
vagotomized rat the blood sugar remains unchanged. These experiments 
were interpreted to mean that the drug acts on both sympathetico-adrenal 
and vago-insulin systems and that, in the normal animal, the former pre- 
dominates over the latter. That metrazol, as well as other procedures, such 
as the administration of a convulsive shock to rats, give a quantitative esti- 
mate of the excitability of the autonomic systems was shown in studies on 
the effect of the thj^roid hormone. It could be shown that the th3'^roidec- 
tomy lowered the excitability of the centers of the sympathetico-adrenal 
sj'stem without affecting the vago-insulin system. The injection of thy- 
roxin increased the excitability of the sjunpathetico-adrenal system, but 
did not alter the vago-insulin system. 

The present paper is an attempt to studj’- the effect of variations in the 
ionic balance of the body on the excitability of the autonomic centers. 
From the studies of Kruse, Orent and McCollum, as well as of Greenberg 
and collaborators, it is knovm that Mg deficiency causes disturbances in the 
function of the central nervous system indicated bj’- vasodilatation, in- 
creased irritability, and tonic-clonic convulsions. Greenberg observ'^ed that 
the susceptibility of Mg deficient rats to picrotoxin commlsions is greater 
than that of normal I’ats. Since earlier observations showed that picro- 
toxin acts similarly to metrazol these studies suggest that Mg deficiency 
alters the excitability of autonomic centers. The experiments reported in 
this paper show, indeed, that that is the case. 

* Aided bj' a grant from The John and Mary Markle Foundation; assistance given 
by the WT.*\. Project no. 30278. 
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jMethod. a diet similar to that used b}" Greenberg and collaboratoi'S 
was cliosen. We used, iiowevei-, adult rats and subjected them to a much 
milder degree of Mg deficicnej* than M’as used by the previous!}^ named 
authors. CoiTespondinglj’-, the .S3TOptoms were vei-}’ slight. The onlj^ 
constant effect of the diet given over several weeks was a roughing of the 
fur, and a loss in weight. Tlie experiments were carried out on A^agoto- 
mized and on adreno-demedullated rate. Fift3'-^i^'■e milligrams of metrazol 
per kilo was injected subcutancousljL electric shock was applied to 
the head for 0.5 second using a General Electric Variac supplied with the 
60 c.p.s. current as source of stimulation (cf. Kessler and Gellhom). The 
blood sugar was determined with the Somog3d modification of the Shaffer- 
Hartmau method. 

Results. The experiments were performed on two giuups of rate, the 
fii’st being kept on a diet contauung 5.3 magnesium/100 grams food; the 
second on a similar diet containing onl3''3.7 mg magnesium/100 grams food. 

Table 1 shows that vagotomized rats kept on these diets for one month 
show a greatly increased hyperglycemia on injection of metrazol. The 
differences between the vagotomized animals kept on control diet and the 
Mg deficient rats arc statisticall3' significant. The effect of the two diets is 
practicall3^ identical. Since, in the vagotomized rats, the rise in sugar is 
due exclusivel3" to the liberation of adrenalin through the S3'mpathetic 83^8- 
tera, the experiments seem to indicate that the centers of the s3'nipat.hetico- 
adrenal S3"stem are in a state of a gi-eatl3’' increased excitabilit3' when the Mg 
content of the diet is reduced. 

In contradistinction to these results, table 1 shows that adreno-demedul- 
lated rats do not show an3’’ significant changes in the blood sugar when in- 
jected with metrazol, although the rats on a control diet shov' regular^’ a 
fall in blood sugar under these conditions. Since the h3'pogl3'cemia in 
adi’eno-demedullated rats kept on a control diet and subjected to metrazol 
is due to the liberation of insuhn through discharges mediated b3’' the vagus 
(Feldman, Cortell and Gellhorn), the e.xperiments suggest that the Mg de- 
ficiency of the diet caused a mailced reduction in the excitabilit3'' of the 
vago-insulin s3’-stem. 

Since it has been found previousb^ that thyroidectomy distinetb'^ lowers 
the excitabilit3'^ of the centers of the s3’’mpathetico-adrenal S3’'stem, it was 
thought to be of interest to investigate whether this effect could be over- 
come b3’- Mg deficiency. Consequentb’-, thiyoidectomized, vagotomized 
rats were kept on a Mg deficient diet and then tested with metrazol. Table 
1 shows that the Mg deficienc3^ displa3’s its characteristic effect (increased 
h3'^pergl3'-cemic reaction to metrazol) in spite of the absence of the tlyroid 
gland. The hyperglycemic reaction is, however, not quite as large as was 
observed in the J\Ig deficient animals in which the th3Toid was intact. 

An effort was made to determine whether similar results would be ob- 
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tained if the excitability of the autonomic centers were tested with the 
electroshock method. This procedure was applied on vagotomized and on 

TABLE 1 

Effect of mcirazol {55 mgm/kgm.) on blood sugar of Mg-deficient rats 


I. Vagotomized rats 


BLOOD 

SUGAR, 

CONTROLS,* 

MEAN 



I 

* 




lit 


MGM. 

DER 

CENT 

1 

2 

3 

4 

Mean 

D 

2 

3 

4 

Mean 

minutes 

0 

74.2±2.0 

78.5 


77.4 

75.2 

77.9±1.9 


79.5 

81.1 

78.5 

79.2±1.3 

15 

95.9±3.4 



98.9 

93.5 


101.0 

96.8 

94.6 


97.0zt:2.5 

30 

n2.4±3.8 

126.8 

122.5 

131.1 

124.7 

126.3±3.2 

129.0 

135.5 

139.7 

127.9 

133.0±4.7 

45 

123.1zt:5.8 


142.9 

146.2 

146.2 

146.5±2.7 

151.3 


150.5 

141.9 

148.6±3.9 

60 

103.6db4.1 


133.9 

135.5 


135.1±3.8 

138.6 

145.1 

142.9 

135.5 

140.5±3.7 


II. Adrenodemedullated rats 


BLOOD 

SUGAR, 

CONTROLS,* 

It 

li§ 

mom. 

PER 

CENT 

MEAN 

1 

2 

3 

4 

Mean 

1 

2 

3 

4 

Mean 

minutes 












0 

61.8±:3.2 

68.8 

64.5 

67.7 

68.8 

67.5dbl.8 

66.6 

68.8 

64.4 

69.8 

67.4±2.1 

15 


69.8 



68.8 

69.6±0.9 

68.8 

66.6 

75.2 

79.5 

72.3±5.1 

30 

49.4±4.5 

66.6 

75.2 

79.5 

83.8 

76.3±6.4 

84.9 

76.3 

68.8 

78.5 

77.1±5.8 

45 




64.5 

78.5 


74.1 

76.3 

60.2 



60 



lE 










III. Thyroidectomized-vagotomized rats§ 


BLOOD 

SUGAR, 

CONTROLS,* 




n§ 




MUM* 
PER CENT 

MEAN 

1 

2 

3 

4 

5 

6 

Mean 

minutes 

0 

74.1±1.2 

77 A 

79.5 

77.4 

76.3 

78.5 

i 

76.3 

77.6±1.1 

15 

92.6±4.7 

91.3 

98.9 

95.6 

92.5 

92.5 

96.8 

94.6zh2.7 

30 

102.2±4.1 

126.8 

118.2 

116.1 

122.5 

124.7 

131.1 

123.2±5.1 

45 

104.7±4.8 


137.6 

136.5 

134.4 

138.6 

146.2 

138.4±4.0 

60 

96.0±4.6 


126.8 

129.0 

124.7 


1 136.5 

129.2±4.4 


* Controls : Rats on normal diet. 

On diet I (Mg content 5.3 mgm/100 grams) for 29 days, 
t On diet II (Mg content 3.7 mgm./lOO grams) for 29 days. 
t On diet I for 26 days. 

§ On diet II for 28 days. 

adreno-demeduUated rats subjected to the Mg deficient diet and the results 
thus obtained were compared with those observed on animals kept under 
control conditions. Table 2 shows the results, which are very similar to 
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tliosc obtained in the experiments with mctrazol. The in^perglj'cemic re- 
action following the electi-ic shock in vagotomized and Mg deficient animals 
is significantly increased over and above that of the control animals. On 
the other hand, it is found that adrcno-demedullated Mg deficient rats 
failed to show a fall in blood .sugar after administration of the electric 
shock, although animals on a control diet show this effect regularly. 

After these experiments had been completed the animals were returned 
to a normal diet and kept on this diet up to 62 daj's. During that time 
they were tested several times with metrazol, as shown in table 3. The 
return to the control diet had onlj'^ a very slight, if an}’’, effect on the ap- 


TABLE 2 

Effect of electrical shock (0.5 see.) on the blood sugar of M g-dcficicnt rats 

I. Vagotomized rats 


BLOOD 

BUOAIl, 

CONTHOLS, 



1 

t 


lit 

MOM. 

PEn 

CENT 

MEAN 

. _ 

1 

O 

3 

4 

Mean 

1 

2 

2 

4 

Mean 

minutes 

gmum 







{■I 




0 

77.4±1.4 

75.2 

78. 5 


78.0 

78.2±1.9 

79.5 

77.4 

80.6 

76.3 

7S.5±1.7 

10 

97.1zkl.7 

99.9 

101.0 

96. S 

97.8 

9S.9±1.7 

98. 9 

101.0 

99.9 

96.8 

99.2±1.5 

40 

119.3±2.0 

127.9 

130.1 

124.7 

123.6 

126.Cdb2.6 

126.8 

132.2 

127.9 

125.7 

128.2±5.1 

70 

106.2±4.0 

122.5 

120.4 

118.2 

117.1 

119.C±2.1 

121.5 

124.7 

116.1 

117.1 

119.9=b3.5 


II. Adrcno-demedullated rats 


BLOOD 
ST70AB, 
MOM. 
PER CENT 

controls, 

MEAN 

I* 

nt 

1 

2 

3 

Mean 

1 

2 

3 

4 

Mean 

minutes 

0 

10 

40 

70 

63.4±2.1 

55.5±3.5 

43.5rfc5.6 

64.4±4.0 




66.6±1.S 

64.5±2.3 

63.S±4.4 

05.2±2.7 

68.8 

64.5 
60.2 

65.5 

66.6 

66.6 

67.7 

68.8 

66.6 

62.3 

68.8 

72.0 

67.7 
66.6 

69.8 
66.6 

67.4±0.9 

65. 011. 8 

66.613.8 
68.2i2.5 


* On diet I (Mg content 5.3 mgm./lOO grams) for 33 days, 
t On diet II (Mg content 3.7 ingm./lOO grams) for 36 days. 


pearance of the rats. The experiments with metrazol showed that even 
after 62 days the results were practicall}’’ identical with those obtained a,t 
the end of the Mg deficiency period. Similarl}’’, it was found, as indi- 
cated by the tests performed on the adreno-demedullated rats, that metrazol 
failed to elicit an}’^ h 3 'pogl 3 ’’cemia in these animals one or two months after 
they had been returned to the control diet. 

It was tentatively assumed that the effect of Mg deficiency on the sym- 
pathetico-adrenal and vago-insulin systems of the rat was due to an altera- 
tion in the excitabilit}’’ of the centers of these systems. It was, however, 
not ruled out by the experiments described thus far that the amount of 
adrenalin and insulin secreted in the vagotomized and adrenodemedullated 
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TABLE 3 

Effect of metrazol on blood sugar {mgm. per cent) of magnesium deficient rats returned 

to control diet 

A. Adrcnodemedullated rats 

1 ON CONTROL DIET FOR 


TIME 

14 days* 

30 

days* 

62 

days* 

1 21 dayst 


■ 

2 

1 

3 

1 

Mean, 

standard 

deviation 

D 

1 

■ 

2 

3 

! 

4 

1 

Mean, 

standard 

deviation 

minutes 












0 

70.9 

6S.8 

67.7 

69.1 ± 1.3 

68.8 

66.6 

68.8 

65.5 

66.6 

68.8 

67.4 ±1.4 

15 

68.8 

67.7 

64.5 

67.0 ± 1.8 

83.8 

68.8 

74.1 

64.4 

68.8 

68.8 

69.0 ±3.4 

30 

67.7 

67.7 

65.5 

66.9 d= 1.0 

79.5 

74.1 

72.0 

60.2 

72.0 

75.2 

69m8 db 5.7 

45 

64.5 

66.6 


65.5 ± 1.1 

70.9 

70.9 

72.0 

66.6 

70.9 

70.9 

70.1 ±2.1 

60 

67.7 

63.8 


es.2±i.7 

66.6 

70.9 

69.8 

65.5 

66.6 

69.8 

67.9 ± 1.9 


B. Vagotomized rats 


ON CONTROL DIET FOR 


TIME 

14 days* 

30 days* 

C2 daj’B* 

21 

dayst 


1 

2 

3 

I 

Mean, 

standard 

deviation 

1 

2 

3 

Mean, 

standard 

deviation 

1 

2 

3 

Mean, 

standard 

deviation 

1 

min- 

utes 




■ 











0 

77.4 

80.6 

79.5 

78,6 

79.0 ± 1.2 

77.7 

76.5 

76.3 

77.5 ± 0.9 

74.1 

77.4 

78.5 

76.7 ± 1.9 

77.4 

15 

99.9 

103.2 

96.8 

98,9 

99.7 ± 2,3 

94.5 


96.8 

94.9 ±1.4 

99.9 

Homi 

96.8 

99.9 ± 1,8 

iiimiB 

30 

118.2 

124.7 

130.1 

129.0 

1SS.5 ± 4.7 

120.4 

127.9 

126.8 

195.0 ±3.3 

129.0 

137.6 

I 

1SS.5 ±3.5 

133.9 

45 

151.3 

149.4 

155,8 

149.4 

151.5 ± 2.0 

140.8 


138.0 


139.7 

1 W 

1 : ^ 

141.5 ± 1.8 


60 


129.0 

127.9 

124.7 

/57.7 i 1.8 



129.0 

199.4 ± 0.5 

127.9 


liil 

150.1 ± 1.7 

129.0 


• Eats of group I. 
t Eats of group II. 


TABLE 4 

Effect of adrenalin and insrdin on the blood sugar of Mg-deficient rats 


BliOOD 
SUGAR, MGM. 

CONTROLS, MEAN 



1* 



PER CEKT 

1 

1 

1 2 

3 j 

4 i 

Mean 

I. Adrenalin (1 cc. l:25,000/kgin. intraperitoneally). Vagotomized rats 

minutes 

0 ! 

77.6 ± 1.3 

79.5 

81.1 

77.4 

78.5 

79.1 ± 1.4 

30 

109.9 ± 3.0 

110.9 

107.5 

118.2 

105.3 

111.2 ± 4.9 

60 

S3. 5 ± 2.5 

87.0 

86.0 

84.9 

89.2 

86.8 db 3.2 

II. Insulin 

(0.01 unit/100 gram intraperitoneally). 

Adrcnodemedullated rats 

0 

66.8 ± 1.4 

68.8 

65.5 

67.7 

66.6 

67.2 ± 1.2 

60 

43.7 ± 1.4 

43-0 

40.8 

44.0 

45.1 

43.2 ± 1.6 


* On diet I for 36 days. 
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rats respectively, might have been unaltered and that the significant 
changes in tlie response of the blood sugar to metrazoi and electneal shock 
might be attributed to an alteration in the sensitivity of peripheral struc- 
tures (liver, muscles) to insulin and adrenalin. Therefore, adrenalin was 
injected into vagotomized and insulin into adreno-demedullated rats, and 
the effect of the injection of these hormones on the blood sugar was tested 
on animals on control and on a Mg deficient diet. The experiments 
recorded in table 4 show conclusively that the Mg deficiency in the diet has 
no effect whatever on the hj'perglycemic effect of adrenalin and on the 
hypoglycemic effect of insulin. It must, therefore, be concluded that the 
increased hyperglycemia in vagotomized rats is due to a sensitization of 
the center of the sjunpathetico-adrenal sj'stem. The absence of the b}qjo~ 
glycemic effect in adreno-demedullated rats indicates a decrease in the 
sensitivit}’ of the center of the vago-insulin S3'stem. It is interesting to 
note that the decrease in the sensitivity of the centers of the i^ago-insulin 
.system is apparentl^^ not restricted to this branch of the parasjTOpathetic 
system. It was found that whereas normal rats subjected to a convulsive 
shock regularly urinated during the convulsions, the Mg deficient animals 
failed to do so. Thej’’ show, however, during the period of catalepsy fol- 
lovdng the shock a decrease in pulse rate similar to that found in control 
animals. 

SUMMABY 

The effect of a magnesium deficienc}’’ in the diet on the centers regulating 
the discharge of adrenalin via the .s^^mpathetic system and the secretion of 
insulin through the vagus was studied in vagotomized and in adreno- 
demedullated rats. It was found that metrazoi and electricallj’' produced 
convulsive shoclcs produced a greater h3^pe]’g]3’’ceraia in vagotomized mag- 
nesium deficient rats than in control animals. On the other hand, adreno- 
demedullated rats react to these tests with a distinct hypogljmemia, 
whereas magnesium deficient adreno-demedullated rats show no change in 
the blood sugar. Since magnesium deficiencj' does not alter the effect of 
adrenalin and insulin on the blood sugar, the experiments indicate a marked 
shift in the balance of the autonomic centers under the influence of magne- 
sium deficiency. The centers of the sjunpathetico-adrenal system become 
greatbr sensitized whereas the centers of the vago-insulin S3’'stem fail to re- 
spond to stimuli which are effective in control animals. The effects persist 
for weeks after the animals have been returned to the control diet. 
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The coagulant power of the venom of the Daboia (Russell’s viper) has 
been known for many years (1), but there have been numerous conflicting 
reports concerning the mechanism of its action. Lamb (1) found that 
whole blood or recalcified plasma was clotted by the venom in dilutions up 
to 1/1,000,000, Avhereas citrated plasma was clotted only by dilutions ap- 
proximating 1/2,000 or stronger. The action of the venom in vivo was 
found to resemble that described by Wooldridge (2) for tissue extracts. 
Many subsequent investigators (3, 4, 5, 6, 7, 8) have verified the coagulant 
power of the venom for whole blood or recalcified plasma. The effect of 
the venom on citrated preparations has been disputed, some (4, 5, 6, 9) 
finding it to be coagulant, in high concentrations at least, while others (3, 
8, 10, 11) obtained negative results. Ai'thus (3) observed that the venom 
did not behave either as a prothi’ombin or a thrombin, but resembled 
thromboplastin in its action. Houssay and Sordelli (4) demonstrated that 
the full coagulant effect of the venom required the presence not only of 
calcium ions but of thromboplastin and of serum (apparently as a source 
of prothrombin) as well. They concluded that the venom accelerated co- 
agulation by “facilitating the formation of thrombin”. Ganguly (8) found 
that the venom accelerated prothrombin conversion in the presence of 
platelets but not in their absence; he concluded that the venom hastened 
platelet lysis. 

Eagle (11) studied the coagulant action of numerous snake venoms and 
offered the conclusion that coagulant venoms “are of two types; one wliich, 
like trypsin and like the calcium-platelet system, acts on prothrombin to 
form thrombin; and one which, like papain and thrombin, acts directly on 
fibrinogen to form fibrin.” Eagle, employing only citrated plasma as a co- 
agulating medium, did not detect any coagulant power in Daboia venom 

1 Present address: Massachusetts Antitoxin and Vaccine Laboratory, Jamaica 
Plain, Massachusetts. 

This study was supported in part by a grant from the Commonwealth Fund of 
New York. 
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and did not pursue the possibility that it might represent a type of coagu- 
lant venom unlike those previously described. The vork of Houssa 3 '^ and 
Sordelli foreshadowed this possibility, and the experiments presented here- 
with lend it further support, 

Matertaes and methods. Dahoia venom. Daboia venom was sup- 
plied^ in 0.5 mgm. ampoules of dried material. Each ampoule was accom- 
panied b}’’ a 5 cc. vial of 0.5 per cent phenol in distilled water, in which the 
usual dilution of 1/10,000 was made when the venom was to be used. 
Further dilutions of the venom were made in 0.9 per cent NaCl. 

Plasma. Plasma for routine experiments was obtained from cows, 
bj’- collecting blood in a paraffined pail containing enough 10 per cent sodium 
citrate (NajCcHDOr - 21120 ) to make a final blood concentration of 0.6 to 
0,9 per cent citrate. Less citrate not infrequent^ failed to prevent spon- 
taneous coagulation. The blood was immediate^ chilled and centrifuged 
in a cold room for 1-1 hours at 1200 to 1500 r.p.m. Platclct~free plasma was 
obtained b}"- recentrifuging portions of the crude plasma tvdee more in the 
cold room for one hour at 2500 r.p.m., after which this clarified plasma was 
immediatelj’’ passed through a Berkefeld filter to remove the few re- 
maining platelets. 

For certain experiments, plasma was obtained from horses or from hu- 
mans by venipuncture or from rabbits by cardiac puncture. These bloods 
were mixed at once with about 1/10 volume of 3.5 per cent sodium citrate, 
making a final citrate concentration of 0.35 to 0.4 per cent; in other respects 
the preparation followed that of bo^dne plasma. 

Thromboplastic suhslamcs. Thromboplastic substances ("thrombo- 
plastins^’) of the following types were employed: 

Human placental coagulant (12) was made up in fi’esh lots each week in 
this laboratorj'^, lots T. G. 433 to 460 being used in the experiments de- 
scribed. 

Bovine brain extract (prepared according to the method of Eley et al. 
(12)) was made up in two lots (T. G. 294 and 297) about two years previous 
to the experiments described and kept in the cold room until use. 

Fresh purified cephalin, kept under alcohol until use, was prepared ac- 
cording to the method of Renall (13) and furnished thi’ough the kindness of 
Dr. H. C. Christensen of the department of biochemistry, Harvard Medical 
School. A two-year-old sample of cephalin (prepared according to Mal- 
taner’s modification (14) of the method of Levene (15)) was also emploj'^ed, 
and a fresh, highty purified sample of lecithin (furnished bj’' Dr. Christen- 
sen) was used as a control for the cephalin preparations. 

Bovine platelets were obtained from the sediment of the recentrifuged 
plasma. They were washed by suspension in chilled citrated sodium 
chloride (1 part 3.5 per cent sodium citrate to 8 parts 0.9 per cent NaCl) 
and a centrifugation at 2500 r.p.m. Thej'’ were then re-suspended in ci- 

- Through the courtesy of Burroughs, Wellcome & Co., New York. 



COAGtTLANT ACTION OF DABOIA VENOM 


611 


trated saline and centrifuged for 5 to 10 minutes at about 600 r.p.m. to sedi- 
ment the red and white blood cells. This step was repeated several times 
until the supernatant contained not more than one red or white blood cell 
per 2,000 platelets. The platelet preparation was completed in not over 
six hours from the time of collecting the blood. The platelets so prepared 
showed but little disintegration in the next 48 hours and were verj^ active 
in hastening coagulation. 

Commercial coagulants. “Thromboplastin— Squibb”, “Coagulen— Ciba”, 
“Neo-Hemoplastin— Parke, Da^ds”, and “Fibrogen— Merrell”, were tested 
for their activity in comparison to the coagulants described above. 

Fibrinogen. Fibrinogen was prepared by repeated precipitation (at 
0-2°C. and pH 6.5) with volume of saturated ammonium sulfate, A 
0.35 per cent concentration of sodium citrate was maintained in all reagents 
at all stages of the preparation. After three or four precipitations the 
fibrinogen was virtually free of prothrombin; it was then dissolved in 5 per 
cent NaCl containing 0.35 per cent sodium citrate and stored in a refrigera- 
tor until use. Suitable portions were diluted before use with 5 volumes of 
distilled water. 

Prothrombin. Prothrombin was prepared by Green’s modification (16) 
of Mellanby’s method (17) and was kept in 0.9 per cent NaCl and 0.35 per 
cent sodium citrate in the refrigerator. A typical preparation of pro- 
thrombin, containing 0,59 mgm, N/cc., when converted to thrombin b3'’ 1 
to 4 minutes’ incubation with 0.1 per cent CaCb and a trace of thrombo- 
plastin, would clot 10 volumes of citrated fibrinogen in 8 to 12 seconds at 
37°C. 

Calcinm chloride. Calcium cliloride was emplojmd in a 2.5 per cent or (in 
some experiments) in a 1.1 per cent solution. The amount added was in 
all instances that which had been found to produce the most rapid coag- 
ulation of the preparation employed. 

Ail experiments were carried out in 8 mm, glass flocculation tubes in a 
water bath at 37°C. Unless otherwise specified, each test tube contained 
one-half cubic centimeter of plasma, optimal CaCb solution as stated 
above, such other reagents as are indicated in the protocols, and sufiicient 
0.9 per cent NaCl to bring the final volume up to one cubic centimeter. 
Clotting times were measured from the time of adding the last reagent 
(CaCb or thrombin solutions) to the time when the contents of the tube 
ceased to flow on tilting. 

Results. Action of Daboia venom on citrated and on recalcified 'prepara- 
tions. Daboia venom was added to citrated fibrinogen and to citrated 
plasma in concentrations of 0.03 mgm. per cc., and of 0.14 mgm. per cc. 
No evidence of coagulation was noted throughout the periods of obseiwa- 
tion. Control preparations were clotted rapidly bj’- thi’ombin (see table 1). 

Daboia venom, 0.01 mgm. per cc,, was added to samples of recalcified 
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plasma from various animal species. Controls were clotted by recalcifica- 
tion alone. On addition of Daboia venom the various tj^pes of plasma 
clotted from 4 to 12 times faster than on rccalcification alone (see table 2), 
Action of Dahoia venom on rccolcificd 'platelct-frce 'plasma. Platelet-free 
plasma, jjreparcd by Berkcfeld filtration as described above, showed a re- 
calcification time of from 1 to 12 hours, varying with ditferent preparations. 
If Daboia venom (0.01 mgm.) was added before rccalcification, the clotting 
time was reduced to 60 to 90 seconds. This acceleration was repeatedly ob- 
.served, using different lots of plasma and vanning amounts of Daboia 
venom. It was invariably found, however, that though the addition of 
venom greatly accelerated the coagulation rate of filtered plasma, the clot- 
ting time obtained was never as short as that produced by the venom in 

TABLE 1 TABLE 2 


Action of Dahoia venom on cilrated fibrinogen and Action of Daboia venom on 
■plasma recalcificd plasma 


1 


COAOULAKT 




CLOTTIN'G TIME 

ov ADDITION or: 




Thrombin 

solution 




srUBTRATE 

1 

1 

Daboia venom 

socncE or peabma 



Amount 

Clotting time 

Amount 

te 

.5 O 
rj E 
o‘Z 

o 

6 

es C 

+°.i 

O 









uxgm* 


CC. 

ccc- 

ond9 


minutes 

seconds 

Eibrinnfrf»n . . 

0.03 

No clot in 20 
minutes 

0.3 

35 

Horse 

6 

30 





Horse plasma. . . . 

0.03 

No clot in 20 
minutes 

0.3 

30 

i 

Dow 

7 1 

70 




Horse plasma .... 

0.14 

No clot is 2 

0.15 

60 


2 

29 






hours 



‘JV'Tnn 

3 

26 










unfiltered (control) plasma. In this respect the action of Daboia venom 
differed from that of tissue extract, Avhich clotted platelet-free plasma in 
essentially the same time as it clotted the unfiltered control. T^Tiical 
results are summarized in table 3. 

Inability of Dahoia venom to substitute for prothrombin. The observations 
of Arthus (3), of Houssay and Sordelli (4) and of Ganguly (8), and those 
presented above could be explained by the assumption that Daboia venom 
functions as a prothrombin, if it were further assumed that the reagents 
employed in these experiments were so nearly free of thromboplastic sub- 
stances that the conditions for thrombin formation had not prevailed. 
This possibility was therefore tested as follows: 

1. Incubation of Daboia venom 'with tissue extract and calcium chloride. 
One one-hundredth milligi-am Daboia venom in 1 cc., plus 0.25 mgm. T. G. 
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294 and 0.1 cc. of 1.1 per cent CaC^ solution, incubated at 37°C., developed 
no power to clot fibrinogen during 1^ hours of observation. 

Control; one cubic centimeter prothi-ombin solution, plus T. G. 294 and 
CaCb solution as above, after 1 minute and 41 seconds' incubation devel- 
oped the power to clot 5 volumes of fibrinogen in 9 seconds. 

2. Influence of adding Daboia venom to ’prothrombin: Rate of thrombin 
formation and potency of thrombin formed. The possibility existed that 

TABLE 3 TABLE 4 

Action of Daboia venom on rccalcificd Influence of Daboia venom on conversion 
Berkefeld-flliered (plaiclcl-free) pJasyna rate of prothrombin and on potency of 
and on unflliercd plasma; comparison thrombin formed; comparison ‘with 
with tissue extract tissue extract 


PLASMA 

CLOTTING TIME ON 

ADDITION or: 

A 

o 

*3* 

W « » 

H C3 H 
OHO 

X o 
- E 55 
< ^ 

s 2 s 
SSg 

H 

CONVEnSION TIME 
MAXIMAL POTENCY FIRST 
REACHED IN 

CaCl. 

E E3 
Mg 

E§ 

O c3 

ti 

O 

1-3 

Bfi.S COAGULANT 

"43 £.0 1 CC. phothrombin + 0.2 cc. 

o g 1 OP 1.1% CaCls + ! 

4-° - 

p.s^§ 

o 


minutes 

seconds 

seconds 

minutes 

minutes 

Bovine; unfiltered. 

7 

70 

33 (No coagulant added) 

6t 

20t 

Bovine: filtered 

Over- 

170 

34 




night 



seconds 


Equine: unfiltered. 

6 

30 

33 Daboia venom, 0.001 mgm.. 

11 

30 

Equine: filtered . . , 

60 

75 

32 _ Daboia venom, 0.01 mgm.. 

9 

20 




Daboia venom, 0.03 mgm.. 

9 

9 




T. G. 294, 0.016 mgm 

11 

4 




T. G. 294, 0.25 mgm 

9 

1-*- 




T. G. 294, 0.015 mgm. + 






Daboia venom, 0.01 






mgm 1 

10 

2 


* One-tenth cubic centimeter of 
thrombin mixture added to 0.6 cc. of 
fibrinogen. 

t Maximal potency not obtained 
during period of observation. 

Daboia venom could function as a prothrombin only in the presence of nat- 
ural prothrombin. To test this possibility, varying amounts of tissue ex- 
tract and of the venom were incubated with prothrombin and CaCb and 
the potency of the thrombin formed and the time required to develop a 
given potency were noted. The results, presented in table 4, indicated that 
the venom — ^like tissue extract — accelerated the formation of thrombin but 
did not significantly affect the maximum amount of thrombin obtainable. 





614 


GEOFFEET EDSALL 


3. Dahoia venom as a suhslilnte for prothrornhm in 'plasma with a suh- 
normal prothrombin content. To test the possibility that Daboia venom 
might function as a prothrombin substitute only in the presence of the 
normal constituents of plasma, the action of the venom was observed on 
plasma preparations containing var3dng percentages of the normal pro- 
thrombin. These were prepared by mixing appropriate proportions of 
Berkefeld-filtered plasma with plasma rendered virtually prothrombin-free 
by alumina absorption (18). Tlie “prothrombin time” (19) for each mix- 
ture was determined by the addition of the optimal amount of tissue extract 
and CaCb solution. Daboia venom (0.01 mgm.) was then added to sam- 
ples of each mixtui'c; tissue extract and CaCb were added as before, and 
the clotting time noted (see table 5). It was found that 0.01 mgm. Daboia 


TABLE 5 

Coagulant action of Daboia venom on 
plasmas loilh varied prothrombin 
concentration 


pnoxnnoMUtN 

CONCENTRA- 

TION 

CLOrriNO TIME ON ADDITION 

OF CaClj and: 

Optimnl tissue 
extract 

(protlirombin i 
time) 

0.01 roRm. 
Daboia venom 
-b optimal 
tissue extract 

per etnt 

eeeondt 

iteonds 

100 

41 

18 

80 

42 

21 

60 

56 

24 

40 

79 

30 

20 

110 

43 

±0.25 

* 

420 


TABLE 6 

Coagulant action of equivalent quantities 
of Daboia venom and of tissue extract 
on recalcified Berkefeld-filtered 
bovine plasma 


UNITS 

CLOTTING TOIE 

Daboia venom, 

1 unit = 
0.001 mgm. 

T. G., 297, 

1 unit = 0.4 
mgm. 


tceondz 

seconds 

1 

211 

179 

3 

123 

130 

5 

lOS 

100 

7 

93 

93 

10 

8S 

85 


* Incomplete clotting in 20 to 30 minutes. 


venom added to the 20 per cent-prothrombin mixture gave a clotting time 
equivalent to that of the 80 per cent-prothrombin mixture; here the Daboia 
venom appeared to be equal in effect to 60 per cent of the normal pro- 
thrombin content of the plasma. The same amount of venom, however, 
in the presence of 0.25 per cent of the normal prothrombin, did not produce 
the effect of even 20 per cent of the normal protlrrombin. 

Quantitative effect of Dahoia venom on coagulation rate. Dilutions of tissue 
extract and of Daboia venom having equivalent potencies were prepaied, 
and multiples of these equivalent units of each substance were compared 
for their power to clot recalcified Berkefeld-filtered bovine plasma. A 
tj'^pical series of determinations is given in table 6. In tliis and similar ex- 
periments it was observed that the amount of Daboia venom added to 
plasma bore a roughly quantitative relationship to the coagulation rate 
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produced and, furthermore, that the results obtained were parallel to those 
observed when equivalent amounts of tissue extract were used. A mathe- 
matical statement of the relationship between tissue extract concentration 
and clotting time has been formulated hy Mills (20) for the plasma-calcium- 
thromboplastin system. The data so far obtained for Daboia venom indi- 
cate a similar relationship. 

Synergistic action of Daboia venom and thromboplastin. Although, as in- 
dicated above, given increments of either Daboia venom or tissue extract 
alone produced a proportionate acceleration of coagulation, this did not 
hold true when the two coagulants were emploj’^ed in combination. The 
combined action of Daboia venom and tissue extract was not additive; it 
was synergistic. Typical results are presented in table 7. There it is ap- 
parent that the use of equivalent unit quantities (0.01 mgm. and 0.04 mgm. 
respectively) of Daboia venom and T. G. 294 in combination 3 delded a co- 
agulation rate verj'’ much faster than that obtained by doubling the unit 
quantity of either coagulant alone. 

TABLE 7 


Coagulant action of equivalent amounts of tissue extract and of Daboia venom employed 
separately and in combination; recalcified Berhef eld-filtered bovine plasma 


COAGULAKT 

CLOTTIKa TIME 

0.01 mgiii. Daboia venom 

seconds 

82 

0.04 mgm. T. G., 294 

86 

0.02 mgm. Daboia venom 

71 

0.08 mgm. T. G., 294 

73 

0.01 mgm. Daboia venom -f 0.04 mgm. T. G., 294 

30 



The synergistic effect described above was observed when Daboia venom 
was used in combination with other thromboplastic substances (see table 
8). Of particular interest was the finding that the sjmergistic interaction 
of the venom with purified cephalin was fully as marked as that observed 
with crude tissue extracts. That this did not represent a non-specific 
group reaction with phospholipids was shoun bj'- testing the interaction of 
the venom with lecithin. The very slight acceleration of coagulation ob- 
served on employing 4 mgm. of lecithin— comparable to that obtained with 
0.002 mgm. of cephalin— may properly be ascribed to the unavoidable 
residual contamination of the lecithin with cephalin. 

Interaction of Daboia venom and partially inactivated thromboplastic sub- 
stances. It was found that the coagulant activity of certain tissue extract 
preparations could be partially destroyed by heat or by extraction with 
ether. Used in conjunction mth Daboia venom, however, these extracts 
exhibited an activity nearly equal to that of the untreated extracts used 
with venom. A 2 year-old cephalin preparation, showing veiy little co- 
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agulant activity when used alone, likewise became quite as active as a fresh 
potent preparation when used in conjunction with the venom (see table 9). 

TABLE S 

Synergistic action of Dahoia venom vscd in combination with thromboplastic coagulants 
(tissue extracts, platelets, phospholipids, commercial coagulant extracts); rccalcificd 

Bcrkcfcld-fdtcred bovine plasma 


THTlOMnOrLARTlC COAOULATiT 

j CtOrnKG TTIIE 


Kind 

.Amount 

Thromboplnstic 
co.nRuliint olono 

Daboia 
venom 
(0.01 mgm.) 
alone* 

Daboia 
venom + 
thrombo- 
plastic 
coagulant 



seconds 

1 

seconds 

seconds 

Cephalin 

2 mgm. ' 

510 

84 

\ 15 

Cephalin 

0.002 mgm. 


84 

58 

Lecithin 1 

4 mgm. 


84 

61 

Bovine platelets 

5 X 10* 

360 

60 

26 

Bovine platelets 

7.5 X 10« 


, 63 

47 

Placental coagulant 

2 mgm. 

270 

85 

25 

Fibrogen — Morrell 

0.1 cc. 

46 

95 

12 

Thromboplastin — Squibb 

0.1 cc. 

1,200 

165 

14 

Coagulen — Ciba 

0.1 cc. 

None in 75 
minutes 

165 

19 

Nco-Homoplastiu — Parke, Davis.. . 

0.1 cc. 

i None in 75 
minutes 

165 

120 


* Differences in coagulation time observed with Daboia venom alone are due to 


variations in different lots of plasma. 


TABLE 9 

Interaction of Daboia venom with fresh and with partially inactivated thromboplastic 
coagulants; rccalcificd Bcrkefcld-fdtercd bovine plasma 


THROMBOPIjASTIC COAOUIiAKT 

CLOTTDfG TXilE OK 
ADDITION of: 

Kind 

Condition 

Thrombo- 

plastic 

coagulant 

alone 

xnromDo- 

plastic 

coagulant 

-bO.Ol 

mgm. 

Daboia 

venom 



seconds 

seconds 

T. G., 294 

Fresh 

44 

21 

T. G., 294 

Heated to OO'C., 1 hour 

75 

22 

T. G., 449 

Fresh 

270 

25 

T. G., 449 

Extracted with ether 

1,400 

31 

Cephalin, Lot B 

Fresh 

360 

16 

Cephalin, Lot A 

2 years old 

1,S00 

1 ^ 

17 


Discussion. It has been shown that Daboia venom, in the presence of 
a sufficient concentration of calcium ions, is a highly potent coagulant vdth 
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an activity comparable to that of cephalin or tissue extract. Since this 
potent activity is dependent upon the presence of calcium, the action of the 
venom is distinct from that which has been demonstrated for papain or 
trypsin (21) and for the snake venoms which have been shown (11) to re- 
semble those enzymes in their coagulant action. Furthermore, it has been 
shown above that the action of the venom does not depend on the presence 
of formed platelets, nor does the venom function as a prothrombin sub- 
stitute. Moreover, it has been found that the venom, used in conjunction 
with any one of a variety of thromboplastic substances, exerts a synergistic 
action on clotting rate which has no parallel in the interactions of thrombo- 
plastic substances themselves. This finding is borne out by the data in 
table 3, where it it seen that the activity of tissue extract is not affected bj’- 
the presence of platelets, whereas the contrary is true of the venom. Thus 
the venom cannot be regarded as identical vdth thromboplastin in its 
action. 

The observations presented above entirely support the conclusion of 
Houssay and Sordelli (4) that the venom “facilitates the formation of 
thrombin." While the nature of this facilitating action is as j’-et undeter- 
mined, the data presented indicate that it consists of an “activation,” or 
acceleration, of the function of thromboplastic substances in the conversion 
of prothrombin to thrombin. The interaction of the venom with cephalin 
is of particular significance, since cephalin is the only knonm chemical entity 
found in most (if not all) thromboplastic substances which manifests the 
coagulant activitj-- of the parent substance, and is therefore widely believed 
to be the active principle of such substances. It maj’’ be suggested, there- 
fore, that the coagulant action of Daboia venom, involves a chemical or 
physical interaction with cephalin through which the interaction of cephalin 
with prothrombin is in turn facilitated. 

SUMMAET 

1. Daboia venom exerts a significant coagulant action on plasma onl}-- in 
the presence of a sufficient concentration of calcium ions. 

2. The coagulant action of Daboia venom is independent of the presence 
of formed platelets. 

3. The coagulant action of Daboia venom is synergistic with the action 
of tissue extracts, of platelets, and of cephalin. 

4. In the presence of Daboia venom, the coagulant activity of certain 
partially inactivated thromboplastic .substances is largely or wholl 3 ’- re- 
stored. 

5. The coagulant mechanism of Daboia venom is distinct from that of 
thrombin, prothrombin, or thromboplastic substances and from trypsin, 
papain, or the snake venoms which have been shoAvn to resemble those 
enzj’-mes in their coagulant action. 
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6. The coagulant action of Daboia venom appears to be exerted through 
an interaction with tissue extracts or with the cephalin contained in such 
extracts. 
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“Since this paper was submitted for publication, it has been learned that J. W. 
Trevan and R. G. McFarlane (Annual Report of the Medical Research Council, 
1936-37, p. 143) observed an augmentation of the coagulant action of Daboia venom 
on mixing it with lecithin; and that others have confirmed this observation, includ- 
ing F. C. G. Hobson and L. J. Witts (Jour. Path, and Bact., 62, 367, 1941) who have 
also demonstrated quantitatively that the action of the venom is dependent on the 
presence of calcium, and have indicated the influence of the presence of platelets. 
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The study of intestinal absorption has always presented one of the most 
interesting problems in physiology. Not only are the pancreas, the liver 
and the intestinal mucosa involved but also there is considerable evidence 
that the adrenal cortex may play a role. 

The influence of the adrenals on fat absorption has been supported by 
the experiments of Verzar and Laszt (1935), who also postulated a some- 
what similar mechanism for carbohydrate absorption (Judovits and Ver- 
zar, 1937). In an extensive series of investigations, these workers found 
that fat absorption was inhibited by adrenalectomy in rats and that the 
normal function could be restored by the administration of cortical extract. 

In the absence of the adrenal cortex this effect was attributed to the 
failure of phosphorylation, which phenomenon is postulated as a prerequi- 
site for the absorption of the fatty acid portion of the fat molecule. The 
results of Artom and Peretti (1935) using iodized fats and of Sinclair (1936) 
who employed elaidic acid indicate that the ingested fatty acids do become 
incorporated into the phospholipids of the intestinal mucosa. Not only 
would it appear that the adrenal glands regulate fat and carbohydrate ab- 
sorption but the work of Clark (1939) and of Stein and Wertheimer (1941) 
would seem to indicate that this gland also controls the absorption of 
sodium chloride. 

On the other hand, evidence from this laboratory (Deuel, Hallman, 
Murray and Samuels, 1937) indicates that the role of the adrenal cortex in 
carbohydi-ate absorption is a secondary one. The lowered absorption of 
glucose did not occur if dehydration and the consequent circulatory dis- 
turbances were avoided by administration of Rubin-Krick or sodium chlo- 
ride solution following adrenalectomy. That a similar explanation for the 
lowering of fat absorption in adrenalectomized animals may obtain, is indi- 
cated by the report of Barnes, MacKay, Wick and Came (1939) who found 

» These data are from a thesis to be presented b 3 ' Lucien Bavetta to the Graduate 
School of the University of Southern California in partial fulfilment for the degree of 
Doctor of Philosophj'. 
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no effect on the rate of absorption of meth}'! esters of fatty acids or of corn 
oil itself in adrenal ectomi zed rats and also bj” that of Barnes, Miller and 
Burr (1939) who used spectroscopically active fatty acids. 

Because of these divergent results it seemed desirable to reinvestigate 
the effects of adrenalectomy on the absorption of fats. In this study a com- 
paiison has been made of the rate of absorption of h 3 ’^drogenated cottonseed 
oil in normal, sham-operated, and adrcnalectomizcd rats which were given 
either Rubin-Krick solution alone, water, or water and cortin. 

Methods. The experimental animals were female albino rats from our 
stock colony weighing 120 to 160 grams kept on our regular stock diet. 
Thej" were adrcnalectomized under ether anesthesia using the lumbar ap- 
proach. Experiments on fat absorption were made 7 to 10 da 3 's after the 
operation. In most cases the completeness of operation was checked post 
mortem. 

The procedure for the determination of the rate of fat absorption was 
similar to that employed earlier (Deuel, Hallman and Leonard, 1940) and 
the ph 3 ’^sical and chemical constants of the fat were identical with those of 
the h 3 ’’drogenated cottonseed oil reported in our earlier work. A fasting 
period of 24 hours preceded the tests. The fat was administered at a level 
of 300 mgm. per 100 sq. cm. of bod 3 ' surface. The latter was calculated b 3 ’' 
the formula of Lee (1929). During the tests the animals were kept in 
separate cages and any experiments showing evidence of diarrhea were dis- 
carded. The fatt 3 '’ acids recovered from the gastro-intestinal contents were 
estimated b 3 ’’ titration of the ether extract with 0.1 N NaOH using phenol- 
phthalein after solution in petroleum ether and isoprop 3 d alcohol. The 
milligrams of fatt 3 ’’ acids were calculated from the titration by use of a fatt 3 ’’ 
acid equivalent based on the saponification number of the fat. 

^ Cortin- was administered in the drinking water for 4 days prior to the 
absorption tests in amounts of 1 cc. datl 3 L This amount of hormone was 
added each da 3 ’‘ to approximatel 3 '’ the volume of water taken b 3 ’’ the rat the 
pre\’ious da 3 L One hour before the fat feeding, each animal was given an 
additional 0.5 cc. of cortin b 3 '' stomach tube. 

^ Results. A summary table showing the rate of absorption of normal 
and adrenalectomized rats is recorded in table 1 while the control tests on 

* . * . f/ *1 . i ' • 

the fasted animals are given in table 2. 

I The fat absorbed is calculated from the difference between the amount 
fed and the corrected amount recovered from the gut. The quantit 3 ’^ actu- 
ally recovered from the gut is first corrected b 3 '' subtraction of the amount 
of ether-soluble material wlrich was removable from the gastro-intestinal 
tracts of rats fasted for a similar period but fed no fat (table 2). A further 
coi'rection is applied for the extent of recovery based on the values obtained 

- Cortin was kindly furnished for these studies bj’’ Dr. E. C. Kendall of the IMayo 
Clinic who suggested the dosage and method of administration. 
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ivhen known amounts of fat are given and the gastro-intestinal tract re- 
moved immediately. The latter value employed was for a 93.6 per cent 
recover}^ 


TABLE 1 


Summary table showing the fat absorbed in three hour period by female rats fasted 
one day and fed 300 mgm. of hydrogenated cottonseed oil per 100 sq. cm. of 

surface area 



NUM- 
BER or 


AVER- 

AGE 

sun- 

FAT absorbed IN MGM. 
PER HOUR* 


FATTY ACID 
IN ETHER 
EXTRACT 

NEUTRAL 

EXPERIAtEN’TAL 

AVER- 

AGE 


Per 100 sq. cm. 

TION OF 
ETHER 


Per 

cent 

of 

total 

lipid 

FAT 

HYDRO- 

LYZED* 

PER 

HOUR* 

CONDITION 

PERI- 

MENTS 

■HEIGHT 

FACE 

AREA 

Per 100 
gm. 

Total 

d 

oS 

I^CO 

EX- 

TRACT 

Total 


■ 

grams 

SQ. cm. 




cc. 0.1 N 
NaOH 

mgm. 


mgm. per 
too sq.cm. 

Normal (a) 

Wm 

117 

219 

68.2dbl.8 

36.3±1.0 


3.0±0.3 

83.3 

24.5 

46.2±1.5 

Normal— Sham- 
operated (b) 

B 

125 

227 

G3.3±2.3 

34.9±1.0 


2.4±0.3 

66.5 

15.6 

46.0±1.7 

Adrenal cctomized — 
Rubin-Krick (c) 

31 

140 

248 

46.6±2.9 

27.6il.6 

4.53(a) 

3.88(b) 

7.9±0.2 


39.0 

54.1±2.4 

Adrcnalectomized— 
Water only (d) 

6 

141 

244 

38.3±6.5 

22.7±3.7 

3.57(n) 

3.19(b) 

6.3±0.G 


30.3 

45,7±4,5 

Adrenalectomizcd— 
Cortin (o) 

20 

127 

229 

71.7±3.7 

39.7±2.1 


1.7±0.3 

47.1 

12.9 

47.7±2.7 


* Including standard error of mean 
d = deviation from mean 



n = number of observations 

t Mean difference: standard error of mean difference. When this value exceeds 3.0 the results are considered 
significant. The letter in parentheses indicates groups vTith •which comparisons are made. 


TABLE 2 


Summary table showing ether-soluble material in female rats fasted one day without 

fat feeding 


EXPERIilENTAL CONDITION 

NUMBER 
, OP EXPEUI- 
1 MENTS 

1 

AVERAGE 

WEIGHT 

1 

TOTAL FAT 
^ IN OUT* 

TITRATION 
OF ETHER 
EXTRACT 

ETHER SOLU- 
BLE EXTRACT 
AS FATTY ACID* 



grams 

1 

mgm. \ 

cc. 0.1 N 
NaOH 

mgm. 

Normal 

s 

127 

26.6±2.1 ' 


18.5±4.6 

Sham-operated I 

14 

105 

34.0±3.5 i 

0.42 

11.7±1.3 

Adrenalectomizcd — Rubin- ' 
Krick 

i 

19 

161 

1 

2S.0±3.6 ! 

i 

0.53 

14.6±1.8 


* Including standard error of mean calculated as in table 1. 


The neutral fat hydrolyzed was calculated to determine the comparative 
lipob'tic action in the different groups. The total neutral fat hydrolyzed 
was the sum of the amount of fat absorbed plus the amount of the h 3 ^dro- 
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lyzcd fat left in the gut. The latter was determined by titration and ex- 
pressed as neutral fat by multiplication of the titration value (corrected for 
fasting controls) by the saponification equivalent. 

Discussion. There is a decrease of approximately 38 per cent in the 
rate of fat absorption in the untreated adrenalectomized rats as compared 
with normals. When salt solution is administered to operated animals, 
the depression is somewhat less (24 per cent) but the difference is still highly 
significant from a statistical standpoint. Although the rate of absorption 
of normal rats was slightly lower on an average after undergoing a sham 
operation, it was significantly higher than that of the adrenalectomized 
animals. That the depression is to be ascribed to the absence of the adrenal 
cortex Is evident from the fact that absorption could be completel}’- restored 
by the administration of cortin. This fact is corroborated by the obsenm- 
tion that the intestinal lymphatics ajjpeared practically wliite in the normal 
and cortin-treated rats killed at the height of fat absorption while tliis was 
not evident in the adrenalectomized animals to which cortin was not given. 

The decreased absorption apparently results from a failure to remove 
fatty acid at a normal rate as evidenced by greater accumulation of free 
fatty acids in the gut contents of the adrenalectomized animals not receiv- 
ing cortin. On the other hand, there is no evidence of anj’- decrease in 
lipolytic activity associated with the removal of the adrenal gland. These 
results would seem to support the theory of Verzar and Laszt (1935), al- 
though they do not give anj' evidence as to whether phosphorylation is 
involved. 

SUMMARY 

A definite inliibition in fat absorption was noted in adrenalectomized 
rats. It was only slightly improved b 3 ’^ the administration of Rubin-Krick 
solution. After adi'enalectom}’^ larger amounts of fatty acids accumulated 
in the intestine than occuiTed normally. Both of these phenomena were 
restored to normal by the administration of cortin. 

There is no evidence that adrenalectomj'^ altem lipol 5 ’^tic activity. 
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The fact that urogastrone (1) extracted from urine, and enterogastrone 
(2) extracted from the mucosa of the small intestine, exert somewhat similar 
inhibitory effects on gastric secretion and motility, suggested the possibil- 
ity that urogastrone may represent enterogastrone, which has been elimi- 
nated from the body by the kidneys. It is known that enterogastrone is 
formed by the mucosa of the small intestine and that ingestion of neutral 
fat is especially effective in causing its liberation (3). Accordingly, if uro- 
gastrone is the same as enterogastrone, the feeding of fat should augment 
its output in the urine and the removal of the small intestine should elimi- 
nate it from the urine. Neither duodenectomy nor gastrectomy eliminates 
urogastrone from the urine, according to Friedman et al. (4), but tliis evi- 
dence is incomplete, since enterogastrone is formed by the entire small in- 
testine and not by the stomach. It was the purpose of the present investi- 
gation to determine the effects of complete enterectomy and the feeding of 
fat on the output of urogastrone. In addition, the output in patients with 
peptic ulcer was investigated, since Friedman et al. (5) state that active ex- 
tracts can be prepared from the urine of ulcer patients, whereas Necheles 
(6) has claimed that ulcer urine contains less activity than normal urine. 

Methods. The general plan of the experiments was as follows: In order 
to determine the effect of removal of the small intestine, the output of uro- 
gastrone during fasting was compared with the output after complete en- 
terectomy. The results were controlled by similarly comparing the output 
before and after a control or “dummy” operation. In order to determine 
the effect of feeding fat, the output of urogastrone during fasting was com- 
pared with the output when a high fat diet was fed. The results were 
controlled by similarly comparing the output during fasting with the output 
when a low fat diet was fed. 

A total of eleven series of experiments was performed, each of Avhich in- 
cluded from 3 to 5 dogs. In each series the urine was pooled for purposes 
of extraction. In most of the series the urine was collected entirely by 

‘ Aided in part by a grant from the Committee on Endocrinology of the National 
Research Council. 


623 



624 


GUAY, CULMER, WELLS AND WIECZOROWSKI 


frequent catheterization, emplojnng female dogs previously prepared sur- 
gically for tills procedure. 

Fasting urine was not collected until the dogs had been without food for 
two days, and was eontinued for approximately a week. In some series the 
animals were given fluid only parentcrally; in others they were allowed to 
drink watei’ ad lib. 

The surgical procedures were as follows. The cniercctomy consisted of 

a, removal of the small intestine from the pyloric sphincter to the cecum; 

b, external drainage of the stomach through a large Pezzer catheter sutured 
into the pjdoric opening; c, ligation of the common bile duct, with external 
drainage of the gall bladder through a small Pezzer catheter, and d, removal 
of the body of the pancreas leaving the ligated head and tail. The entero- 
antrcctoraj'^ was done similarly, except that the pj'loric antnim was also 
removed. The control or “dninnnj” operation consisted of a, transection at 
the incisura angularls with blind closure of the distal stump; b, external 
gastrostomj'- as above; c, ligation of the common bile duct and cholecystos- 
tomy as above; d, ligation of the pancreatic ducts. This operation differed 
from the others onlj’’ in that the small intestine, with digestive secretions 
excluded, was allowed to remain in the abdominal cavity. 

Beginning approximatelj' 12 hours after the operation, urine, bile and 
gastric juice were collected and fluid was administered subcutaneouslj’’ at 
intervals throughout the day and night, for a period of approximately a 
week. The animals remained in good condition during this interv’’al; 6 
animals were maintained for 14 to 33 days by the intravenous administra- 
tion of glucose and ammo acids after urine collection was terminated. 

Urine was collected from dogs over a period of a week or more, during 
which they were fed twice daily a high fat diet consisting of prepared dog 
food with 30 per cent added fat, or a low-fat diet consisting of the prepared 
dog food alone, which contained 2.5 per cent fat. 

The effect of feeding a fatty meal was also investigated in 28 human sub- 
jects. Urine was collected on one fasting day and on another day when 
three meals of 30 per cent cream and crackers were taken. The body 
weight and the exact period of urine collection were recorded for each sub- 
ject and the mine was pooled for purposes of extraction. 

Urine was collected similarly from eight patients with duodenal ulcer ovei 
a period of several days Avhile they were maintained on a milk diet. 

The daily urine samples were extracted by the benzoic acid adsorption 
method previously described (1). The crude concentrates thus obtained 
were further purified by various methods. As new methods of purification 
were developed, they were applied to the dog urines. Consequently dif- 
ferent methods were used in the different series, although vdthout exception 
the same procedure was employed within an}’' given series. 

The extracts were assayed in either Heidenhatn pouch dogs, or dogs "with 
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pouches of the entire stomach (vagotomized). In these animals the milli- 
grams of free acid secreted in response to liistamine in the forenoon was 
compared with the response to the same dose of liistamine given 3 hours 
later and 10 minutes after the intravenous injection of the extract to be 
assayed. From a previously established curve the average percentage in- 
hibition Avas converted into “doses” of urogastrone, A “dose” is defined as 
the quantity wMch produces 50 per cent inhibition under the conditions of 
the assay. In order to avoid the implication of a high degree of accuracy 
the term “dose” is used instead of “unit.” 

TABLE 1 


The effect of surgical 'procedures on the output of urogastrone 
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10 

13 
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0.20 
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B 

4.77 

0.31 

80 

4.22 
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* Calculated assuming lowest fasting output in any of other series, namely, 0.21 "doses” per 100 kgm. hrs'. 


The rectal temperature of the assay animals ivas taken at half-hour inter- 
vals after the injection of the extracts until the maximal rise was recorded. 
In the case of dog urine extracts we have not been able to eliminate regu- 
larly all traces of pyrogenic substances. 

Results. The effects of surgical procedures. The essential data con- 
cerning the 6 series of experiments are presented in table 1. The doses of 
extract administered to the assay animals are recorded in 3 ivays; as milli- 
grams and as the volume of urine, and kilogram hours represented by the 
milligram dose. The yields by weight of extract and of “doses” of urogas- 
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trone per 100 cc. of urine are included, although these do not represent a 
true measure of output. In measuring the urinary output of a substance, 
both the weight of the dog and the period of e.xcretion must be considered. 
Hence, the output of urogastronc is obtained from the column headed, yield 
of “doses” of urogastronc per 100 kgm. hrs. Since, as will be pointed out 
later, the rate of urine production affects the recoverj^ of urogastrone, the 
former is recorded as the volume of urine secreted per 100 kgm. Ims. The 
last column records the mo.st significant figure, namely, the percentage 
change in urogastrone output produced b.v the various procedures. Since 
the assay dogs, the method of handling the operated animals, the e.xtraction 
procedures were constant xiyilhin an3’' given series, but not necessarily he- 
tween different series, it maj' be misleading to make anj' comparison other 
than that shown in the last column. 

As shown in table 1, the removal of the entire small intestine (with or 
without antrectomjO reduced the output of urogastrone bj-^ 10 per cent to 
80 per cent in the 4 series of experiments. A fifth series, not included in the 
table, showed the usual low post-ojjerative output of urogastrone, but for 
an unidentified reason the extract of the fasting or pre-operative urine was 
completelj’’ inactive. It will be noted that in series 2 the output was re- 
duced G5 per cent during the first two post-operative daj's and 80 per cent 
during the subsequent 3-day period. 

In contrast to the above results, the output of urogastrone was increased 
29 per cent and 148 per cent in the two control series in wliich the “dummj’’” 
operation, consisting of the exclusion of digesti\'e secretions from the intes- 
tine, was performed. 

It should be noted that following either type of operation the jdelds by 
weight of extract are greatl}'' increased. Tliis necessitated the use of large 
milligram doses to correspond to the pre-operative kgm.-hr. doses. The 
bearing of tliis fact on the interpi'etation of the results will be discussed 
later. 

The effect of diet. The essential data concerning the 4 series of experi- 
ments are presented in table 2. In 3 series of experiments, 1 in human 
subjects and 2 in dogs, the feeding of a high fat diet increased the output of 
urogastrone 99 per cent, 23 per cent, and 194 per cent over the fasting out- 
put. However, the ingestion of a practically fat-free diet snnilarty in- 
creased the output 86 per cent in dogs. 

The effect of peptic ulcer. Table 2 also includes the results obtained with 
the extracts prepared from the urine of ulcer patients. The urogastrone 
output was found to be 0.037 dose per 100 kgm. hrs. in these patients re- 
ceiving a milk diet in contrast to the higher outputs of 0.077 and 0.153 dose 
respectively for normal subjects, fasting, or receiving a cream diet. The 
increased urine volume of the ulcer patients yielded more extract, but its 
potencj’’ was so reduced as to diminish significantly the output of urogas- 
trone activity. 
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The effect of urine 'production. In the course of the above experiments 
it was noted that the rate of m-ine production influenced the apparent fast- 
ing output of urogastrone in dogs. In table 3 the jdelds of urogastrone 
"doses” per 100 kgm. hi’s. and also the yields per 100 cc. of urine are pre- 
sented together with the volume of urme excreted per 100 kgm. hrs. It 

TABLE 2 


Urogastrone outputs in fasted and fed subjects, and ulcer patients 
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TABLE 3 

Effect of urine flow on extract yields 
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can be seen that as the rate of urine excretion increases, the output of uro- 
gastrone also increases, but not at the same rate, since the concentration 
of urogastrone in the dilute urine is reduced. Similar relationships are ob- 
tained if the weight of crude extract is substituted for "doses” of urogas- 
trone. It should be recalled that the curves are influenced to an unknown 
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extent by the variations in tlic procedures employed in the different fasting 
series. 

It has been found that the degree of recovery of solid material from urine 
by the benzoic acid procedure maj" bo in part re.sponsible for the above 
results. For example, one liter of pooled human urine yielded 60 mgm. of 
crude concentrate; another liter from the same pooled specimen when di- 
luted with an equal quantity of water and then e.xtracted as two liters of 
urine, yielded 75 mgm. of cnide concentrate. Hence with a constant total 
quantity of solids, the more dilute it is the greater the total recoveiy, but 
the less is the yield per unit volume. Accordingly, the non-quantitative 
nature of the extraction procedure may be responsible for the apparent in- 
fluence of diuresis on the output of urogastrone. 

If tables 1 and 2 are re-examined in the light of the above findings, it will 
be seen that variations in the rate of urine production do not account for 
the effect of surgical procedures or of diet on the output of urogastrone. 

Discussion. If the results obtained are to be accepted at face value, the 3 ’- 
indicate that the output of urogastrone is reduced bj* removal of the small 
intestine, and increased bj’’ the induction of diuresis, bj' the ingestion of a 
high or low fat diet, and by the exclusion of digestive secretions from the 
small intestine. However, evidence was obtained which suggested that 
the apparent effect of diuresis maj’’ be due to an improved recoveiy of uro- 
gastrone from the urine rather than to an increased output. Furthermore, 
it must be remembered that the methods of extraction are not strietty quan- 
titative, and that neither the assaj’^ nor extraction procedures are specific 
for a single biologicallj'^ active compound. Hence, one must be cautious in 
the interpretation of the results. 

The extent to which these deficiencies in methods may influence the final 
interpretation of the results is considerable. For example, more material 
was extracted from the post-operative than from the preoperative urines, 
which necessitated the use of larger doses for assay. Since the extraction 
procedure is not quantitative, this greater jdeld could be indicative of a 
more complete recovery of urogastrone from the post-operative urines. If 
this were actually the case, the effect of enterectomy should property be re- 
vealed by a comparison of the outputs after enterectomj'' with the outputs 
after the control operation; this would imply a marked reduction in urogas- 
trone output following removal of the small intestine. On the other hand, 
since the methods are not specific, it could be maintained that the extra 
material extracted from the post-operative urines, wliich probably consists 
of products of autotysis of the surgically traumatized tissue (8) might pro- 
duce a “non-specific” inhibition. If this were actuallj’’ the case, the extra 
activity after the control operation and the entire activity after enterectomy 
could be attributed to these “non-specific” inhibitor substances; this would 
imply that enterectomy completely eliminates urogastrone from the urine. 
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Although the above interpretations cannot summarilj'^ be dismissed from 
consideration, neither can the}’’ be accepted to the exclusion of other inter- 
pretations. In short, the results do not permit a final decision regarding 
the effect of enterectom}’- on the excretion of urogastrone. Wliat can be 
said with a reasonable degree of certainty is that a, the exclusion of digestive 
juices from the small intestine (control operation) does not decrease the 
output of inhibitor substance or substances, and h, if there is only one in- 
hibitor substance in the urine extracts, it does not originate entirelj’’ from 
the small intestine. 

It is conceivable that enterogastrone is liberated in small quantities under 
fasting conditions and in larger quantities during the digestion of a low-fat 
meal, although there is no dhect evidence bearing on these points (7). Ac- 
cordingly, in these respects the behavior of urogastrone is not incompatible 
with the view that it represents excreted enterogastrone. However, the 
ingestion of fat should be the most effective stimulus for the release of 
enterogastrone and in this respect urogastrone appears not to behave like 
enterogastrone. This evidence, in conjunction with the uncertain results 
of the enterectomy experiments, makes the weight of evidence favor the 
view that urogastrone and enterogastrone are separate entities. On the 
other hand, the fact that enterectomy reduces, feeding augments, and the 
presence of a duodenal ulcer reduces the output of urogastrone, points to 
the importance of the gastro-intestinal tract for the control of urogastrone 
excretion. 


CONCLUSIONS 

1. The apparent excretion of urogastrone is decreased by removal of the 
small iatestine and mcreased by the induction of diuresis, by the ingestion 
of a high or low fat diet, and by the exclusion of digestive secretions from 
the small intestine (control operation). 

2. Since the apparent excretion may not truly represent the actual ex- 
cretion, for reasons discussed, the acceptable conclusions are limited to the 
following: 

a. The exclusion of digestive secretions from the small intestine (control 
operation) does not reduce the output of mlubitor substance(s). 

b. If only one inhibitor substance is present in the urine extracts, it does 
not originate entirely from the small intestine. 

c. A high-fat diet is no more effective than a low-fat diet in augmenting 
the output of inhibitor substance(s), 

3. The output of urogastrone is reduced beloiv normal in patients with 
peptic ulcer. 

4. The evidence suggests the importance of the gastro-intestinal tract 
for the regulation of urogastrone excretion, but does not support the view 
that urogastrone and enterogastrone are identical. 
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In hypertliyi-oid patients iodine is commonly given to depress the activity 
of the thjnoid in preparation for an operation. In annuals iodine has been 
shown to diminish the responses of the thyroid which are ordinarily pro- 
duced by giving anterior pituitary extracts (see Siebert and Linton, 1935; 
Friedgood, 1936 ; Cuttmg and Robson, 1939) . In order to learn more about 
this effect, we have studied rats during prolonged exposure to cold. The 
elevation of metabolism in this case is due to the release of extra hormone 
from the thjnoid (see Ring, 1939). The increase occurs in the absence of 
the cervical sympathetics and is probablj'' brought about by the anterior 
pituitary (Ring, 1939; IJotila, 1939). Our problem was to find out whether 
the metabolic response to cold could be depressed bj’- the ingestion of iodine. 
First, we decided to see whether iodine affected the normal basal metab- 
olism of rats. Only when rats were given doses of iodine so large that 
they lost weight, did the metabolism fall. The withdrawal of this e.xtra 
iodine, however, brought about a much more decided reduction in metab- 
olism which lasted for several weeks. We have followed tins change in 
some detail. 

Method. In the first group of experiments, 20 mgm. of Nal were placed 
in the water which each rat was expected to di'ink during one day (ordi- 
narily 25 cc.). This amount was supplied daily for one week and the basal 
metabolism was then measured by means of a modification of Benedict’s 
Multiple Chamber Respiration Apparatus (see Ring, 1940). Each sub- 
sequent week, the Nal added to the drinking water was doubled until the 
animals started to lose weight. Then water without Nal was supplied and 
metabolic measurements were continued at weeldy intervals until they'- ap- 
proached normal. 

A second procedure consisted in gmng rats drinking water which con- 
tained 0.75 mgm. of Nal per cc. Measurements of basal metabolism were 
made at weekly intervals for 3 weelcs. These rats weighing about 200 grams 
each ingested 20 to 25 mgm. Nal per day. This did not affect their basal 
metabolism nor stop their growth. These and similar rats were then di- 
vided into 5 groups. Group A was placed in the refrigerator at 2° to 4°C, 
for 3 weeks and supplied with drinking water containing Nal. Group B 
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was given ordinary di-inking waiei- wliilo in tlie refrigerator. All of tlie ani- 
mals in group B died before measuremenls of metabolism were made. 
Therefore, in group C, the NaT was diseontinueti for five days before as 
well as during their stay in ( he refrigerator. ]\tost of tliis group survived. 
Grou])S D and E, after the wit hdrawal of Nal were given 25 guinea pig units 
of anterior pituitary (byrotrojiic princijile' per 100 grams of body weight 
each day for four days. Group D was then placed in the refrigerator Avliile 
group E was kept at room temperature. Tliis last group was used to study 
the effects of extract alone upon metabolism. Finall}' some nonnal rats 
were placed in the refrigerator as controls. All rats were fed on Purina Dog 
Chow which has been .shown to contain adequate amounts of I (see Rem- 
ington and Remington, 1 Q3S). This food supplied about 4 gamma of I per 
day when the rats were kept at room temperature and about tvdee that 
amount vdiilc they i\-erc living in the refrigerator. 

R.ESUi/rs. 'Pablc 1 shows the basal metabolism of rats during and after 
thefingestion of Nal in amounts large enough to stop growth. The quan- 
tity wliich each rat would tolerate was quite variable. The substitution of 
water for Nal solution permitted growth to begin again but the metabolism 
fell and remained subnormal for weeks. When one large dose of Nal (1200 
mgm.) was given, the results were similar. The control measui'ements on 
six of these rats averaged 780 cal. per sq.m. per day. After ingesting Nal, the 
metabolism, measured at iveekh’ intervals, averaged 705, 718, 724, 743. Of 
course the giving of such large amounts of Nal leads to a temporary loss of 
weight, and this in itself might lower metabolism. However when inani- 
tion is produced b}* fasting, the metabolism returns to normal a few da 3 '^s 
after food is supplied. It is hardly’- likelj^ therefore that this would account 
for the prolonged changes observed. 

'VlTien smaller doses of Nal (20-25 mgm. dailj’’) were given for a period of 
thi’ee weeks, growth continued and basal metabolism was probablj’^ not 
depressed. The results are shown in table 2. The fall of 2 per cent in 
metabolism is due, we believe, to the animals becoming more accustomed 
to the apparatus. As large a drop commonl}'’ occurs in untreated animals. 
After stopping the ingestion of this amount of Nal, other experiments have 
shown that there is no fall in basal metabolism. Nevertheless, the usual 
responses of the thju-oid to stimulation could not be evoked. This was 
shown in two wa 3 '.s — bj'- injecting Antruitrin T and bj’’ subjecting the ani- 
mals to cold over a prolonged period of time. The thu'd table indicates the 
changes produced bj”^ injecting thj-rotropic principle. In the control rats, 
these injections caused an increase in metabolism reaching its maxi- 
mum of 10 per cent two weeks after the injections were started. Eats 
that had preidou.sl,y received Nal did not show an^’- metabolic change. 

1 The thyrotropic principle, antihtrin T, was kindly supplied by Parke, D.avis and 
Company. 
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Of twelve rats placed in the refrigerator at the time Nal was withdrawn, 
none survived for more than two weeks. Apparently the thyroid could 
not make an appropriate response to the cold emdronment so that the body 
temperature fell and the animals died. When the Nal was withdrawn 5 
days before placing the animals in the refrigerator, 7 out of 8 rats survived 
but their metabolic response to cold was smaller than ia normal animals, as 

TABLE 1 


Prolonged feeding with Nal in drinking water 


KAT^'^71IBER 

conthol metabolism 
TVITH Nal INGESTION 

1 (cal./sq.ji./day) 

AFTER ■WITHDHA'VFAL OP Nal 

AMOUNT 

OF Nal 
GIVEN PER 
DAY 

let 

Tvk. 

2nd 

Tvk. 

3rd 

wk. 

: 4th 
wk. 

5th 

■wk. 

6th 

wk. 

7 th 
wk. 

8th 

wk. 

9th 

wk. 

10th 

wk, 

1 












mgm» 

1 

768 

736 

696 

668 

652 

660 

692 




80 

1 

692 

687 

676 

627 

636 

669 

692 

703 



320 

2 

739 

740 

769 1 

662 

637 

754 

671 

i 



180 

3 

722 

668 

677 

611 

589 

655 

680 

1 



160 

3 

686 ! 

670 


637 

643 

563 

610 

612 

657 

699 

40 

4 

734 

787 

774 

701 

693 

724 

691 

731 



180 

5 

772 

788 

675 

677 

713 

1 

695 

717 

783 

i 



180 

Average met. 

730 

725 

705 

655 

652 

674 

679 





Average wt. 

278 

276 

262 

271 

275 

282 

290 






TABLE 2 

Metabolism* before and during the ingestion of Nal 



1 ! 

CONTROL PERIOD | 

i 

GIVEN 

(mgm. 

Nal 

PER CC, 
DRINK- 
ING 

water) 

DURING Nal INGESTION 

Ist wk. 

2nd wk. 



5th wk. 

Average metabolism of 7 

rats 

Average weight. 

858 ±11.0 
224.0 

836 

230.6 

mgm, 

0.75 

840 i 
238.6 ! 

827 

246.3 

817 ±12 
251.8 


* In calories per square meter per day. 


shown in table 4. The difference between the two groups of animals is not 
large but statistically there are 39 chances iu 40 that this difference is sig- 
nificant. 

Rats given Nal during their stay in the refrigerator showed an elevation 
iu metabolism which was at least as great as that found in the controls (see 
table 4). It appears that when Nal is given after the rats leave the re- 
frigerator the metabolism returns to normal more quickly. Of the control 
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group 7 out of 9 still showed an elevated metabolism four weeks after leav- 
ing the refrigerator whereas none of those receiving Nal showed any eleva- 
tion at tliis time. In fact the metabolism of the latter group was slightly 
depressed. 

If animals from wliich Nal has been withdrawn are given Antuitrin T 
and then placed in the refrigerator they show the largest elevation in metab- 

TABLE 3 


MetahoHsm* of rats after receiving thyrotropic principle 
(25 guinea pig units per 100 grams per day for 4 days) 



COK- 

Tnor4 


IST 

vm. 

2kd 

WK. ; 

3hd 

VTK. \ 

4th 

WK, 

5 control rats 

1^31 

Thyrotropic 

principle 

799 

862 

826 


6 rats after Nal ingestion 

m 

772 

801 

787 

773 


* In calories per square meter per day. 


TABLE 4 

Change in basal metabolism* after three weeks' exposure to cold (in per cent) 


CONTROLS 

1 

RATS GIVEN NqT 
UNTIL 5 DATS 
BEFORE EXTOSURE 
TO COLD 

RATS GIVEN Nnl 
BURINO EXrOBUBE 
TO COLD 

RATS GIVEN 

antuitrin t and 
Nal BEFORE 
EXPOSURE TO 
COLD 

(Measured after being at room temperature for one day) 

+3.9 ' 

-1.5 

+4.0 

0 

4.6 

+1.0 

7.1 

+11.9 

5.4 

2.7 

9.7 

14.7 

8.0 

5.8 

13.4 

15.1 

9.0 

7.2 

16.1 

22.8 

9.6 

7.8 

19.8 

24.6 

10.7 

j 12.2 



13.5 




17.0 




Average 9.1 ±0.9 

5.0 ±0.7 

11.7 ±1.5 

+14.9 ±2.2 

(Measured after being at room temperature for one^week) 

Average 4.6 

+3.1 

+7.0 

+8.0 


*Measured at 30 °C. 


olism of any group. This is in spite of the fact that without the cold 
stimulus, thyrotropic principle will not elevate the metabolism of otherwise 
similarly treated animals. 

Discussion. Our results clearly show, that Nal will not prevent the 
usual elevation in metabolism produced by cold. According to Starr and 
RoskeUey, the injection of Nal into rats kept in a refrigerator linaits the 
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h}T 3 ertropliy of the thyroid. It is therefore apparent that no correlation 
exists between the metabohc response and the histological picture under 
these circumstances. 

When the stimulus due to the cold environment is removed, the metab- 
bhsm returns to normal more quickly if the ingestion of Nal is continued. 
This response is somewhat similar to that observed when hyperthyroid 
patients are given I. 

It is surprising that after giving large amounts of Nal, the vdthdrawal 
depresses thyroid function. Possibly the thyroid gland becomes accus- 
tomed to a certain level of I in the blood and when this level falls, the gland 
fails for a time to take up the iodine it needs to manufacture new hormone. 

When rats stop taking Nal, thjnotropic piinciple vdll apparently prepare 
the thyroid to make a suitable adjustment to cold. In fact the response 
obtained was greater than either stimulus alone would produce. In two 
rats which did not receive Nal, thjTotropic principle seemed to increase the 
metabolic response to cold in a similar manner. 

CONCLUSIONS 

1. When rats, kept in a refrigerator for 3 weeks, are given 20 to 25 mgm. 
Nal per day, an elevation in basal metabolism occurs which is as great as 
that found in control rats (see table 4). 

2. After being placed in a warm environment the metabolism of these 
rats returns to the control level more quickly if thej’’ are given Nal. 

3. The mgestion of Nal does not depress the metabolism of normal rats 
unless the amount given is large enough to cause inanition. 

4. The withdrawal of large doses of Nal (in most cases 160 mgm. per 
day) frequently depresses basal metabolism for several weeks thereafter 
(see table 1). 

5. The vdthdrawal of smaller doses of Nal (20-25 mgm. per day) does 
not bring about a measurable reduction in metabolism. It does prevent 
the occurrence of as large an elevation of metabolism as that ordinarily 
produced by either thyrotropic principle or prolonged exposure to cold. 

6. When thyrotropic principle is given and followed by prolonged ex- 
posure to cold, the metabohc response is greater than that produced by 
either stimulus alone (see tables 3 and 4). 
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The law of the heart enunciated by Starling (1) that the output of the 
heart is a function of its diastolic size, has been amplified to applj’- also to its 
work and energy expenditure by Starling and A^isscher (2). This would 
indicate that the relation; work/energy expenditure, i.e., the mechanical 
efficiency of the heart, is also a function of the diastolic heart size. How- 
ever Gollwitzer-Meicr et al. (3, 4) and Gremels (5) ha^'^e indicated that the 
mechanical efficienc}' of the heart is also dependent upon whether the 
change in size is induced by a change in the arterial resistance or b^' a change 
in the venous return. Thej’’ reported that the augmentation of the work of 
the heart noted on increasing the arterial resistance is accompanied by a 
much greater increase in energy expenditure than a lilce augmentation of 
work observed on increasing the venous return to the heart. The mechani- 
cal efficienc}’’ at a given increased level of work would thus appear to be less 
when the work increase is due to an increased resistance-load than when it 
is due to an increased input-load. 

Objections can be raised to the methods used by these investigators. 
GoUwitzer-IMeier et al. (3, 4) assumed that coronaiy sinus blood was a re- 
presentative sample of the mixed coronary venous blood as far as O 2 content 
is concerned, and this has been shown to be not necessarily true (6) . Gremels 
(5) assumed that the coronarj’’ sinus flow was always 60 per cent of the total 
coronary flow, and this too has been shown to be erroneous (7, 8). 

It was deemed advisable, therefore, to reinvestigate the subject em- 
ploying a method which would measure more accurately both the total work 
of the heart and its total energy expenditure based upon oxj'^gen consump- 
tion while doing this work. 

In this study we utilized either the isolated heart preparation which we 
have described previously (9, 10) or a special heart-lung arrangement in 
which the circulating blood volume could be adjusted (fig. 1). The input- 

^ Aided by the A. D. Nast Fund for Cardiac Research and by grants nos. 508 and 
573 from the Committee on Scientific Research of the American Medical Association. 

® Emanuel Libman Fellow. 
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load was altered in the former by changing the resistance to inflow from 
the blood reservoir, in the latter by changing the circulating blood volume. 
The resistance-load was altered in both preparations by adjusting the re- 
sistance in the left and right heart outflow circuits. In both preparations, 
when the rate of inflow was changed, the peripheral resistances were ad- 
justed so that the systemic and pulmonary arterial pressures (the resistance- 
load) were kept constant. Likewise when the resistance-load was changed, 
the inflow or the chculating blood volume was adjusted so that the cardiac 
miaute output (the input-load) was kept constant. 





Fig. 1. Diagram of the closed-circuit heart-lung preparation. L.V.P. is the left 
venous pressure manometer; L.V., the left ventricle; A.S., the point where the aortic 
blood sample is taken; RES, the blood reservoir winch is used to add or remove blood 
from the heart-lung circuit, this is controlled by the screw clamp on the tube con- 
necting it to the heart-lung circuit and by the pressure bulb ; A.P., the aortic pressure 
manometer; E., the artificial arterial elastic reservoir; A.F., the aortic flovuneter; 
P.R., the manometer measuring the degree of artificial peripheral resistance which 
is controlled by a pressure bottle and bulb; R.V.P., the right venous pressure ma- 
nometer; R.V., the right ventricle ; F.S., the point where the pulmonary blood sample 
is taken; P.P.; the pulmonary arterial pressure manometer; and P.F., the pulmon- 
ary artery flomneter. 

The work of the two ventricles was measured as in our previous studies 
(9, 10). Energy cost was computed as before, but the method of measuring 
O 2 consumption was altered to avoid the criticism applied to our previous 
work that the coronary sinus sample was not a true mixed venous sample. 
The blood samples for O 2 determination in this study were drawn under oil 
simultaneously from the aortic and pulmonarj’- arterial tubes, the former 
giving the arterial blood, the latter the mixed venous blood. The actual O 2 
content measurements were carried out as before (9) by the Van Slyke 
method and the A-V O 2 difference determined from the difference in O 2 
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content of the two samples. This multiplied bj’’ the total flow in the pul- 
monary arterj’’ at the time the samples were taken gave the O2 consumption 
of the heart, viz: 

A-V O2 difference (vol. per cent) 

0, consumption (cc./min.) = X pulmonary arterial flow (cc . / m in.) 

This was possible because the blood in the pulmonary artery is a mixture 
of ( 1 ) blood that has passed through the heart cavities without the loss of 
oxygen, i.e., aortic blood, and ( 2 ) blood that has passed through the coro- 
nary system and Iras Irad oxygen removed from it by the heart muscle. The 
only cause for the difference in oxygen content between aortic and pulmo- 
nary samples is thus the O2 utilization of the heart®. 

If Pf, A/ and C/ represent in cc./min. the flow in the pulmonary artery, 
aorta and coronary system respectively, and Po, Ao and Co represent the O2 
content of the blood in vol./lOO cc. in the pulmonarj' arterj’-, aorta and the 
true mixed coronary venous blood, rcspectivch", then 

PfPo = AfAo + CfCo 

from which 


^ PfPf) — A/Ao 
Co= . 

Since O2 consumption — C/ {At, — Co), it follows that 

{PfP, - A/Ao) 


O2 consumption = C/^Ao — 


, or 


O2 consumption = C/Ao — P/Po + A/Ao, or 
O2 consumption = (C/ + A/) Ao — P/Po- 
Since Py — C/ + Ay, 

O2 consumption = Py (Ao — Po), 

that is, the O2 consumption of the heart can be accurately measured by the 
product of pulmonary flow and A-V O2 difference. 

Four preparations were used, 3 special heart-lung preparations and 1 iso- 
lated heart preparation. Ether was the anesthetic agent emploj’^ed until 
the blood supply to the head was interrupted. The aeration from this 
point until the preparation was ready for use, a half-hour at least, was suf- 
ficient to remove most, if not all, of the ether from the blood. Heparin was 
used as the anticoagulant in the dog from which the preparation was made 
and also was added to the defibrinated blood obtained for circulation. De- 
tails of preparation were carried out as premously, the only variation being 

® The coronary venous return via Thebesians to the left heart, which is small and 
almost constant, estimated as 6 ± 4 per cent of the coronary flow (8), is the remain- 
ing source of error. 
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in the special heart-lung preparation. Here the lungs were left in situ and 
a blood reservoir was connected to the aortic circuit via a side arm which 
was kept clamped except when changes in blood volume were desired 
1 )* 

When the preparation was ready, the dynamic conditions set, and the 
heart stabilized to them, control blood samples, pressure, flow, peripheral 
resistance, heart rate and blood temperature readings were taken. The 
readings were repeated every 1 to 2 minutes. Two or three control blood 
samples were obtained at approximately 15 miaute intervals. The -work 
level was then raised by increasing either the resistance- or the input-load, 
the other being kept constant. Usually two more sets of blood samples 
were taken and then the work restored to its previous level by reducing the 
factor which had been increased. Another set of blood samples was taken 
at the reestablished control level and the work then increased to about the 
same level as before, but this time by increasing the load which had previ- 
ousl}’' been kept constant, the other load now being unaltered. Again, after 
a period of observation during wliich two sets of blood samples were taken, 
the work was reduced to the control level and a final set of blood samples 
taken. From these data the work, O 2 consumption and mechanical effi- 
ciency could be calculated as in our previous studies, differing only in that 
the new method of determining O 2 consumption, as described above, was 
emplo 3 ’’ed. 

Results. The results are summarized in table 1, and illustrative ex- 
periments are shown in figmes 2 and 3. 

Control values. The control values in these four experiments ranged as 
follows: 


Aortic pressure 86-101 mm. Hg 

Pulmonary arterial pressure 16-27 mm. Hg 

Pulmonary artery flow 98-175 cc./min. 

O 2 consumption 2.7-4.0 cc./min. 

Work 9-17 kgm.M/Iiour 

Efficiency 2.2-4.3 per cent 


Effect of increasing the resistance-load. As the results in table 1 show, the 
increase in arterial blood pressure was accompanied by a slight but consist- 
ent decrease in the average values of mechanical efficiencj’-, that is, the O 2 
consumption increased out of proportion to the increase in work. This en- 
hancement of O 2 consumption was greater in the 1st determination after 
the increase in work than in the 2nd one. At the time of the 2nd deter- 
minations the efficiencies were well within the control range. We do not 
consider the slight average decrease in efficiency to be of significant degree 
although it was consistent. There was no instance of any increase in effi- 
ciency. During the period of increased resistance-load the coronary flow 
rose from 8 to 75 per cent above the control level. In two of the heart-lung 
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preparations the pressure in the pulmonary veins rose also. In all instances 
the heart increased in diastolic size on inspection. 

Effect of incrcasmg the input-load. As the results in table 1 show, the in- 
crease in venous inflow was accompanied by a definite and consistent in- 
crease in the average values of mechanical efficiency, that is the O 2 con- 
sumption did not increase in })roportion to the work. In fact, in the 
isolated heart preparation, the 2nd determination showed an Oj consump- 
tion lower than in the control. In the other preparations, the O 2 consump- 
tion rose somewhat, and at the time the 2nd samples were taken had re- 
turned to within the control levels. 

TABLE 1 


Effect of increased work on mechanical efficiency of heart 


PREPATIATIOKS 

1 INCnEABE IK nrSISTAKCE LOAD 

IKCREABE IN INPUT-LOAD 

Time of 
readings] 
after dy- 
namics 
were 
altered 

In- 

crease 

in 

work ! 

Aver- 
age 
con- 
trol ^ 
effi- 
ciency 

Aver- 
ace 
efli- ; 
cicncy 
durinp 
work 1 
in- j 
creaso 

Change in 
efficiency 
with 
increase 
in work 

Time of 
readings 
after dy- 
namics 
were 
altered 

In- 

crease 

in 

work 

Aver- 

flRO 

con- 

trol 

efii- 

cioncy 

1 

Change in 
efficiency 
with 
increase 
in work 

1 

Heart-lunR 1 

Heart-lung 2 

Heart-lung 3 

Isolated heart 

Range of efficien- 
cy in per cent 
on increasing 
work 

min. 

13 and 10 

15 

9 and 14 
15 and 25 

per I 
cent 

50 

30 

30 

1 22 

per 1 
cent ' 

3.2 

■ 4.3 
3.5 

1 2.3 

per 

cent 

2.0 

3.4 

3.1 

1 1.9 

per cent 

-20 1 
-25 
-10 

1 

-10 to -25 

min. 

5 and 11 

10 and 20 
G and 13 

11 and 22 
IS nnd 24 

per 

cent 

100 

SO 

50 

25 

20 

1 

1 

per cent 

I -fOS 
-f20 
-i-90 
-HO 
+60 

+20 to +90 



The coronary flow did not alter appreciably except in the isolated heart 
preparation, where it increased during the period of increased work. The 
right venous pressure rose in two of the heart-lung preparations. In all 
instances the heart increased in diastolic size on inspection. 

Discussion. Our results are thus in general agreement with those of 
GoUvdtzer-Meier and Gremels, and the objection raised to the accuracy of 
their work is overcome. Increasing the load of the heart increases its work, 
but the degree to which its oxygen consumption is increased depends also 
upon the nature of the increased load. Within the range emploj^ed in these 
experiments increasing the resistance to emptying of the heart leads to an 
increase in oxygen consumption in proportion to or greater than the in- 
crease in work; therefore, no increase in the mechanical efficiency of the 
heart occurs and, at times, a slight decrease actually appears. Similarly 
increasing the minute volume output of the heart within the limits studied 
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leads to a definitely improved mechanical efficiency; in fact, at times the 
O2 consumption does not appear to increase at all. ' 
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Fig. 3 

Fig. 2. Chart listing pertinent data on one (heart-lung preparation) of four ex- 
periments discussed in text. L. ven. pressure and Rt. ven. pressure are left and right 
venous pressures. Incr. equals increased. Dotted lines are used to connect periods 
where no observations were made. 

Fig. 3. Chart listing pertinent data on another experiment (heart-lung prepara- 
tion) discussed in text. Conventions as in figure 3. 


These results therefore cannot be taken to confirm the concept in the sur- 
viving heart that the increase in heart size which is associated with increase 
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in load is always accompanied by an increase in mechanical efficiency as 
has been assumed in the past. Both methods of increasing the work of the 
heart, namely, b}’’ increase of resistance-load and by an increase of input- 
load, are accompanied by an increase in heart size clearly seen on inspection 
and yet the results as far as mechanical efficiency is concerned are different. 
Tliis can be shown by plotting work against O2 consumption. Two such 
graphs are shown in figures 4 and 5 . In each it will be seen that while in- 
crease in work is accompanied by a tendency for the O2 consumption to 
increase, the increase in the latter is much greater when the resistance-load 
is responsible for the increased work than when this is due to an increased 
input-load. The lines connecting the control values with those of the in- 
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Fig. 4 Fig. 5 

Fig. 4. Chart correlating work and Oj consumption in the experiment shown in 
figure 2. O, are control obser\'ations; O, observations after increase only in input- 
load; O, observations after increase only in resistance-load. Note that the 0« values 
for the input-load increase arc lower than those for the resistance-load increase. 
In addition, the second observation with each of the increased loads is lower than the 
first. Discussed in text. 

Fig. 5. Chart correlating work and Oj consumption in another experiment. Con- 
ventions as in figure 4. The changes noted in figure 4 are shown here also. Dis- 
cussed in text. 


creased work under the two conditions do not coincide as would be de- 
manded if heart size Avere the only factor involved. It follows therefore 
that other factors in addition to heart size determine the efficacy with which 
the heart utilizes its energy for its work. 

The possible objection that the difference between these two tj^'pes of in- 
creased load is due to an increase in the kinetic energy factor is not valid 
since xmder the conditions of the experiments the latter is of the order of -5^ 
of the potential energy used to calculate the work.^ It is apparent then 

^ For example, in figure 3 at the time t = 5i minutes, where the flow is greatest and 
the kinetic energy should be at a maximum, the kinetic energy can be computed as 
follows; 
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that not only the size of the heart but the magnitude of the after-load, which 
is what the resistance to emptying really is, modifies the ability of the heart 
to utilize its energy for work. 

Starling’s law may thus be more precisely considered. While increasing 
heart size tends to increase heart work (1), and oxygen consumption (2), 
the increase in efficiency which is stated to occur (2) holds only when the 
after-load, the resistance to empt 5 dng, is not altered. Increasing the latter 
tends to reduce the mechanical efficiency and in our experiments this tend- 
ency was sufficient to nullify and sometimes even to overbalance the effect 
of increase in heart size tending toward increase in efficiency. It is ob%dous 
then that to define work, oxj'-gen consumption and efficiency, it is necessary 
to consider the nature of the load as regards initial load (venous return), 
and after load (resistance to emptying), as well as in regard to heart size. 

Clinically these facts are of significance since in disease, hypertension of 
the systemic and/or pulmonary circuits occurs with and without changes 
in cardiac output. Also, changes in cardiac output may occur with no 
change or an insignificant change in the after-load. The energy expendi- 
ture per unit of work would be different under these circumstances due to 
more than the change in heart size, assuming the same factors operate 
in man. 

Our results permitted us also to demonstrate again the absence of a signi- 
ficant oxygen debt after the periods of increased work. An}’- oxygen debt 
is so small and fleeting as not to significantly alter the O 2 consumption after 
the heart had been restored to its preexisting work level. This is in accord 
-with the concept of Katz and Long (11) and confirms the observations on 
this point of GoUwitzer-Meier (3). 

An interesting observation revealed by our experiments is the tendency 
of the oxygen consumption at the time of the 2nd sample to be less than at 
the time of the first sample during both periods where the work was in- 
creased. As a result there was an inci-ease in efficiency as "the increased 
work was maintained. This would imply that there is an adaptation to the 
increase in work on the part of the heart. In the instances of increase in 
initial load, the later O 2 consumption came to lie within the control values 
in some of the experiments. The nature of this adjustment is problematic. 

It is possible that these factors of initial load and after-load operate also 
in the failing heart and failure to recognize this has perhaps been the cause. 


Mv- 

gm. cm./sec., where M = mass of blood put out by heart per second; 

V = linear velocity of blood leaving heart in cm./sec. ; g = 980 cm. sec.^. 

Where M = 2 times the pulmonary flow/sec. = 9.2 grams, and the diameter of the 
pulmonary artery and the aorta together is 0.6 cm. or more, Ke max. = 0.046/kgm. 
Ke max. 0.046 1 

approximately. 


meters/hr. and 


work as calculated 27 


500 
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among other things, of discrepancy in the results of studies on the failing 
heart. It is conceivable that in the failing heart even when these loads are 
unchanged the decrease in the ability of the heart to perform its work may 
make them relatively increased and hence under these circumstances they 
ma3' come to represent the equivalent of an increase in load. 

SUAniARY 

A method is described for obtaining a tj-uc mixed coronary venous blood 
sample in the heart-lung or isolated heart preparation of the dog, and for 
calculating the true 0X3'gen consumption of the heart. 

Measurements of oxygen consumption and work of the heart preparation 
indicate that the increase in ox3’gen consumption consequent upon an in- 
crease in work depends not onl3' upon the magnitude of the work increase, 
but also on whether the augmented work is produced 1^3' raising (1) the 
venous return or (2) the peripheral resistance. In the former case the in- 
crease in ox3'gcn consumption is proportionall3’’ less than in the latter, so 
that a given amount of work is done more eflicienth’' vith a large venous 
return and a low peripheral resistance than the same amount of work done 
with a low venous return and a high peripheral resistance. 
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The object of this report is to present new data on the relationship of 
the intensity of a thermal stimulus to 1, the intensity of the sensory re- 
sponse, and 2, the discriminatory ability for temperature sensation. 

The present work employs a modification of the radiation techniques 
formerly used in this laboratory (1) which lends itself especially well to 
this type of problem. The methods to be desciibed use exclusively radia- 
tion as the stimulating agent, a procedure to wliich decided advantages 
accrue. It avoids any actual material contact between subject and stimu- 
lator, obviating thereby the arousal of unwanted sensations such as touch. 
This allows the subject to experience the desired thermal sensation un- 
distracted by other factors. In addition, there are no mechanical effects 
resulting from this type of stimulus so that there is no interference with 
blood flow nor any distortion of the skin introduced as experimental 
artifact, whereas methods employing actual material contact of the 
subject with a stimulator cannot be wholly free from such effects. Besides 
having these advantages, the method is flexible and the stimuli and limens 
are easily made quantitative in the same absolute units. The Weber ratio 
thus obtained is therefore more significant than when it is obtained from 
measurements expressed in degrees Centigrade or other arbitrary systems. 

Many studies of thermal discrimination and of the Weber-Fechner law 
have been made in the past, the net result of which has been to establish 
the Weber-Fechner law 

S = k log I -{- & (1) 

within certain limits, but to offer conflicting statements concerning the 
Weber l*w 

AI/I=C (2) 

In these equations, I is the intensity of the stimulus, Al is the least per- 
ceptible increment (that is, the least amount by which two stimuli can 
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differ in intensitj' and stiJl be recognized as being different), S is the sensory 
response, while k, h and C are constants. The worlc of Culler (2) offers a 
possible clue to the reason for the confusion in data relating to the Weber 
law, for it leads to the conclusion that the Weber laAV is obeyed for absolute 
limens, i.e., for the smallest change in stimulus that can be perceived after 
the sldn had been adapted to a given temperature level, but not at all for 
differential limens, that, is, for differentiation between two stimuli acting 
on unadapted skin. The reference cited contains a bibliogi'aphy up to 
1926. 

Hardy and Oppel (1) suggested that the Weber-Fechner law was obeyed 
for absolute limens (with the skin adapted to room temperature) vitliin 
the comparatively narrow range of intensities in which the}" worked. 

J. Sensory Response arid Stinmlus Intensity. Apparatus and procedure. 
Studies were first made Avitli heat radiation which was periodically inter- 
rupted. The apparatus is shown in figure 1. Light from a 1,000 watt 
tungsten filament lamp, J5, was focused by the lens, L, on the sldn of the 
.subject located directly behind the circular opening of the opaque screen, D. 
The size of this opening could be varied in discrete steps by the use of 
shields. A motor, M, through a suitable pulley arrangement, rotated the 
half-sector disc, S, so that each revolution of the sector gave an inteiwal of 
radiation followed by an equal interval of dark. The speed of rotation 
could be controlled by the rlieostats R and RK A rheostat (not sho\vn in 
the figure) in series with the bulb, B, allowed the intensity of the light to 
be set at any desired value. 

To insure that no radiation could penetrate beyond the surface of the 
sldn, the forehead of the subject was blackened Anth India ink, and a central 
area was exposed to the radiation by placing the forehead just behind the 
opening of the screen, at F. 

Intensity of radiation Avas measured by means of a radiometer which 
could be held at F AA'hen the forehead was remoA^ed. (In order to aAmid 
cumbersome terminology, the radiation intensities AA"ill be reported as 
"units” Avhere one "unit” is 10“® gram calories per square centimeter 
per second.) 

Previous Avorkers (3) (4) have made use of intermittent radiation for the 
study of heat sensation. HoAA^ever, they did not measure the intensity of 
the radiatioh difectl}q'but inferred ratios of intensity from current changes 
in the electrical circuit containing the heating element, and expressed their 
intensities in terms of the threshold intensity. Also, the importance of 
blackening the skin so as to localize the effect of the radiatioh at the surface 
and prevent penetration (5) does not seem to have been appreciated by 
these earlier experimenters. 

When the forehead was in place, and the sector rotating, the exposed area 
gained heat during the interval of radiation and lost some of it (but not all) 
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during tlie time tlie radiation was cut off by tbe opaque balf of the sector. 
Thus, for frequencies of rotation not too slow, the forehead would at first 
gain more heat than it lost, and its temperature would be fluctuating around 
a rising baseline. After a short tune the forehead came to equihbrium, 
it lost during the ‘^dark” half of the cycle an amount of heat equal to that 
which it had gained during the “lighted” half so that its temperature 



Fig. 1. Diagram of the apparatus (meaning of letters explained in text). 

Fig. 2. Fusion frequency (flashes per second) vs. units of intensity. 

oscUlated regularly along a steady baseline. It was after this steady state 
had set in that readings were taken. 

The sensation accompanying this temperature oscillation was one of 
alternate pulses of warmth and cooling for the lower frequencies of rotation. 
As the frequency was increased, the warm pulses seemed to overlap, and 
the sensation became one of ripplLog warmth. By pushing the frequency 
still higher, this ripple was caused to become less and less distinct until 
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finally it fused into a sensation of continuous warmth. The frequency for 
wliicli the ripple just disappeared was taken as the end point for the test. 
This end point is not a sharp one, and some practice is necessat^' if it is to 
be determined with a fair amount of certainty. For this reason the authors 
of this paper were the subjects and each one performed his own manipula- 
tion of the rheostat which controlled the rotation frequency. The end 
point for each of the tests in a run was taken a number of times and the 
results averaged: the extreme values of a set wore rarel}’’ more than d=6 
per cent from this average. Suitable precautions were taken against re- 
turning by memoiy to a previous setting changing pulley ratios, by 
blindly setting R} to an unknown value and adjusting the frequencj’- using 
R alone, etc. 

A. Studies with flickering heat radiation. Plots of the fusion frequency 
vs. intensity obtained in the manner described above are shown in figure 2, 



Fig, 3 Fig. 4 

Fig. 3. Fusion frequency (flashes per second) vs. units of intensity (logarithmic 
abscissa) for area of 15.0 sq. cm. 

Fig. 4. Estimates of sensation vs. units of intensity. Data represent two separate 
runs (open and filled circles respectively). 


The fusion frequency, after rising more or less rapidly at the lower intensi- 
ties, swings into a gentler slope at roughly 1,000 units and is thereafter a 
linearly increasing function of intensity. The comparatively wide spread 
of the points is due in part to the fact that the curves are composites of 
runs taken on different days, and each observer was usually found to vary 
slightly in his level of sensitmty from day to day. One set of data (C. H.) 
is sho^vn replotted against the logarithm of the intensity in figure 3. This 
shows a straight line up to about 1,000 units, followed by a non-linear 
portion. The significance of these plots ’null be discussed later, as they are 
intimately connected with the results presented in the next section. 

B. Studies employing graded estimations of sensation. The relationship 
of the intensity of the sensory response to the intensity of stimulating 
radiation was tested in a manner similar to that recently used by 
Jenkins (6). A stimulus of 4,210 imits was presented for two seconds to 
the subject and he was told to call the resulting sensation 10. He was 
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asked to boar Ibis sensation in mind and to compare it M’itli sensations 
Avhich were' to follow. An intensit}' \vhicli the subject felt to be half as 
strong as the standard he ^Yas to call 5, an intensity one-tenth as strong, 1, 
etc. He was then stimulated witli inten.sitie.s ranging from 83 to 4,210 
units in a random manner, being always in ignorance of the intensity 
selected and of his progress in the test. The cycle of intensities was 
repeated three times, each time in a different order. Between the tests 
the subject was allowed to rest., and at the beginning of each set the stand- 
ard intensity rvas given to refresh his memory. 

The individual’s score was added for each intensity. The re.sults of this 
test are shown as the first jiart of the curve of figure 4 (filled circles), each 
circle representing the sum of the three separate estimations of sensation 
of one individual plotted against the intensity of the corresponding 
stimulus. A similar test was made scparatclj'^ in the range 4,260 to 17,640 



Fig. 5. Estimate.s of sensation, .S' (orclinalc) vs. intensity (logarithmic abscissa). 
Fig. G. Least perceptible increment (Weber increment, Al) in "units” vs. intensity 
in "units.” 


units, the latter being assigned the value of 10. Tlie sensation rose linearly 
with the intensity as may be seen from the second part of figure 4 (open 
circles). This second part is obviously an extension of the first. 

The similarity of the curves in figure 2 to that in figure 4 is at once 
apparent. Both show an initial rise up to 1,000 units followed b}’- a linear 
portion whose slope is less than that for the portion of the curve below 
1,000 units. 

When treated in a slightly different way, the data for the preceding test 
will show clearly several points. Figure 6 shows the estimates of sensation 
as linear ordinates plotted against stimulus intensity on a logarithmic 
abscissa. Here again this test gives a curve remarkably similar to the 
corresponding treatment of the flicker data (fig. 3). Both show straight 
line portions up to about 1,000 units, followed by a non-linear curve. It 
will be seen on closer inspection that the two curves are practically super- 
imposable point for point, if the arbitrary scale for sensation be adjusted 
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))y iniilti))lication by a scale-constant. The conclusion can then ])e drawn 
that l.he fusion frequency is truly re))rosenlal.ive of the sensory response. 

''.i''he straight, line plot of scaisory lusponse vs, intensity on a logarithmic 
scale below 1 ,000 units, as shown in figure 5, indicates adherence to the 
Weber-Fcchner law. Likewise the fusion frequency data of figure 3 can 
be represented below 1 ,000 units by the Feny-Porter law, 

iV = o log / -p 

wliere iV is the fusion frequency, / the intensity, and a and d are constants. 
Since figures 3 and 5 show such close similarity, it is clear tliat the Ferrj'- 
Porter law is a variation of the Weber-Fechner law. When the results 
of the next section arc presented it will be seen that the change in slope 
of these curves around 1 ,000 units is of physiologic significance. 

II. Thermal Discriminaiion. The flicker method does not allow of 
direct measurement of the Weber increment (least perceptiljle increment), 
so for a direct evaluation of A/, recourse was had to the following method: 

The rotating sector was set at a constant frequenc}’’ of 0.5 cycle per 
second, and again a .shutter was interposed so that by lifting it the operator 
could present a single stimulation pulse lasting two seconds. For low 
intensities the 15 cm.- opening was used. A thin metal rod, to which was 
fastened a semicircular disc of copper, was mounted before the opening in 
such a manner that it cut off radiation from half the area, and could be 
flipped from side to side so that either the right half or left half of the area 
was darkened. A measured stimulus, I, was then presented to the .subject 
on one side, and after a short pause a slightly greater stimulus, was 
presented on the other side. This test was repeated with the second 
stimulus being made larger than the first by small steps until the subject 
indicated that he could just distinguish between the two. In this way 
the least perceptible increment was directly obtained: 

A/ = - h 

For high intensities this method was modified in part to avoid stimula- 
tion of too large an area with a strong stimulus (sometimes the sensation 
was painful). Also, at Ifigh intensities an asymmetry in responding end 
organs became noticeable over the central portion of the forehead although 
no reliable indications of such an asymmetry could be obtained for tliis 
area at low intensities. The modification was tliis: The flip disc was 
removed, an area of 3.5 cm.- used, and the two stimuli were presented over 
the same area mth an interval of 30 to 60 seconds between them. 

To insure that these two variations of the method were consistent with 
each other, thej’’ were used in an overlapping region (5,000 to 6,400) and 
were found to give identical results. The skin on which these tests were 
made had been adapted to room temperature, and it should be remarked 
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that the short duration of stimulus flash in the procedure allowed little 
adaptation to the radiation to occur. 

Thus, of the results reported, those up to 5,000 units were obtahied by 
the first method, those from 5,000 to 6,400 units by either of the two, and 
those past 6,400 units by the second method. Figure 6 shows a plot of Al 
vs. I. The curve is readily broken up into six regions. In region A, Al 
is a linear function of I, increasing as the intensity of the stunulus is 
increased. In region B, Al remains constant at a value of about 890 units. 
In region C, Al again assumes increasing values as the stimulus is mcreased, 
becoming constant in region D at a value of 2,670 units. In region E, 
Al once more resumes its upward trend with increasing intensity of stimulus 
and finally levels off in region F to a constant value of about 5,050 units. 

To assure that there was no asymmetrj' introduced into the results by 
the method, tests were made to determine whether the decrement from a 
high to a lower intensity was the same as the increment from a low to a 
higher. There was foimd no difference between increment and decrement, 
i.e., the same number of units of intensity had to separate two stimuli if 
they were to be distinguishably different, no matter whether the higher 
were gradually decreased or the lower increased, a result which, of coui'se, 
was expected. 

The behavior of the Weber increment shows that the discriminatory 
ability of the skin is best when the discrimination is to be made at tempera- 
ture levels close to the normal skin temperature, that is, for low intensities. 
As the intensity of the stimulus increases, the skin loses relativel}’’ more of 
its discriminatory powers. This loss does not proceed indefinitely, how- 
ever, since the Weber increment becomes constant at stimuli between 1000 
and 1500 units and presvunablj'' would remain so were the situation not 
complicated by the entry of other factors. For the particular circum- 
stances of this experiment, the discrimination at the sldn temperature 
levels is such as to allow a change in skin temperature of 0.002°C. per 
second to be detected after two seconds. The level of constant discrimina- 
tion is attained for temperatures approximately 0.2°C. removed from skin 
temperature; here a change in skin temperature of 0.06°C. per second can 
be detected after two seconds. This degree of discrimination holds for 
temperatures as far removed as il-O^C. from skin temperature. It must 
be remembered that these propositions are valid onlj'^ for a purely thermal 
stimulus such as heat radiation. Other circumstances would prevail with 
thermal stimuli accompanied by touch. 

In regions A, B and C the sensation was one of warmth — a mild, pleasant, 
diffuse sensation. Just at the start of D the sensation assumed the quality 
of heat; this was sharper and sometimes stinging, but still diffuse and it 
continued through D and E. At the start of the F region the sensation 
became a painful one: sharp, biting, and granular. The heat and pain 
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thresholds were determined experimentally by presenting to the subject a 
series of intensities scattered randomly and asking for a report as to the 
quality of the sensation. The intensities at wliich the sensations of heat 
and pain first made their appearance were quite definite. 

Conjecture as to the causes for the general shape of the curve may be 
made along the following lines. In region A. there maj' well be operative 
some kind of statisticfil law governing the responses of the end organs — 
such a law might easily result from the nature of the matrix sun-ounding 
the end organs. It seems very likely that a group of receptors .such as 
those in the skin, surrounded by a system of capillary pipes through which 
blood is coursing, near sweat glands winch doubtless have intermittent 
periods of activitj', and imbedded at dilTerent levels, should by the veiy 
nature of their jjosition and of the inhomogeneity of their surroundings 
differ somewhat in their excitabilit 3 ' ; differ, that is, from each other and 
also .show indi%ddual variation as time goes on. An interpretation along 
these lines is that in region A the waiTnth end organs which effectively 
respond to the stimulus increase in number as the intensity is raised until 
at its end the whole number is I'csponding at lea.st minimal^. 

That something of this nature is the case maj’- be gathered from the 
work of Geblcwicz (7) who measured the time required for a thermal 
stimulus to arouse maximum sensation and found that this time was 
longer, the greater the stimulus intensity. Such a result would indicate 
that the higher intensity is graduallj’’ brining into acti^^ty those end 
organs which, probably because they lie deeper, are not so quickly excited 
bj'' the stimulus and those which, because of other variable factors, have a 
higher tlweshold. Further, the change in slope of the cuiwes obtained bj' 
the flicker method and by estimates of sensoiy response supports the idea 
that around 1,000 units or so a definite change in response occurs. In 
region B the skin is evidentty detecting an absolute difference and not a 
fractional increase. This may be due to the fact that now all end organs 
are responding superminiraallj’^, although the reason why this should 
give a constant increment is obscure if, indeed, the mechanism proposed 
obtains. Region C denotes the entrance of a new factor (C factor) as is 
evidenced bj' resumption of rise of the increment. However, in this region 
the conscious sensation is still that of warmth and it is not until D is reached 
that sensation of heat actuallj’^ is identified as such. 

Possibly C and D, as well as E and F, are mechanisms analogous to A 
and B. In E and F, although the E factor enters to cause the increment 
to rise progressively above the flat D region, the sensation of pain does not 
become evident until F is reached. 

Occasionally a point is obtained which lies comparatively far off the best 
curve which can be fitted to the data. TVTien this de^^ation is towards a 
higher increment than is normal for that region, the explanation most 



THERMAL SENSATION AND DISCRIMINATION 


653 


likely is that some sweating occurred, which would thus raise the incre- 
ment above its true value. Tliis explanation cannot hold, however, for 
some of the points which lie well below the cuiwe. The obvious explana- 
tion for these latter is that the area stimulated, by chance, contained no 
active end organs of a given type; therefore, the system was thrown back 
to the next lowest level. To take a definite example, consider the point 
at 31,250 units. If during this test there were no pain receptor available 
for excitation, then the sensation would be one of intense heat correspond- 
ing to excitation of the warmth receptors and the C factor; and, indeed, 
for this case the point lies tolerabty well on the dotted extension of the flat 
region proper to them. The fact that a few times a "renegade” sensation 
was obtained (heat, for instance, Avhere there should have been pain) lends 
credence to such belief. , 

It might be inferred from this that the AB, CD and EF regions are really 
in a sense distinct curves superimposed one on the other, and that the break 
from the flat portion of one to ’the rising portion of the next is really a sign 
of the entrj’- of a new factor into the sensorj'’ field. It is worth 3 ’’ to note 
that precisely at the bends did the subjects show most uncertainty during 
the tests and that the spread was greater here than elsewhere. 

The trend of the curve makes evident an impahment of the dis- 
criminatory sense just before the new sensation is recognized. This is an 
important consideration, as it indicates that the threshold of excitation 
for both heat and pain probably lies below the actual semory threshold for 
these sensations, an expected result. A studj’- of this kind may objectively 
reveal end organ activity which will eventually be forced on the conscious- 
ness as a sensation when its intensity becomes high enough. Thus, before 
the subject is aware of either heat or pain sensation, sub-sensory responses 
of these modahties might be detected. 

Although Hardy, Wolff and Goodell (8) report the pain threshold as 
24,000 units, it is probable that the pain neurones are excited by 18,500 
units. Similarty, the heat threshold is probably about 5000 units lower 
than that at which the sensation is first perceived. Further, the conclusion 
that the excitation threshold for pain is lower than the sensory threshold 
lends added support to the contention of the above authors that pain shows 
no spatial summation. These workers found that the pain threshold did 
not decrease when larger areas were stimulated but were not able to prove 
that the sensory tlureshold was not also the excitation threshold for pain. 
The present work indicates that the pain receptors are already aroused 
to sub-sensoiy actmty before the sensorj'- threshold is reached. Therefore, 
increasing the area Avould demand reduction of the stimulus intensity 
necessar}'' to elicit threshold pain, had pain the property of spatial 
summation. 

Figure 4 gives the subjective estimate of sensoiy response to the intensity 
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of stimulus presented, and covers the region from threshold well into the D 
portion of figure 6. Sensation seems to increase without regard to the 
behaviour of the Weber increment. However, it is not surprising that the 
C region does not show on figure 4, for liere the increment is scarcely smaller 
than the extent of the region itself. The situation could not be remedied 
by taking a large numlier of points close together, for the steps would be 
separated by less than the neccssarj' increment. 

It appears certain that the intensity of the sensoiy response increases 
constantly as the stimulus is made progressivel 3 ' stronger, even in the 
regions where the Weber increment is constant. 

That there is no conflict between figures 4 and G becomes apparent when 
it is realized that figure G is rcalh' the slope of the sensation curves of figure 



Fig. 7. dSfdl is the slope of the sensation vs. intensity curve (fig. 4) (solid circles) ; 
a 7 is the Weber increment (open circles). The former quantities were multiplied by 
an arbitrar 3 ' constant to adjust them to fit the scale for Al. Both quantities are 
then plotted as ordinates against units of intensity as abscissae. 

4. If the slope of figure 4 be taken at convenient points and plotted with 
the coiTesponding range of figure 6 as was done to obtain figure 7 , the points 
are seen to be entirelj’’ consistent with the curve for the Weber increment. 
In constructing figure 7 the slopes from figure 4 were multipUed b}’^ an 
arbitrary constant to adjust the scale for comparison. This can be done 
without affecting the validitj'- of the comparison as the scale for the sensorj’’ 
evaluation was purely arbitrary. 

It is an interesting point to note that figure 6 allows one to determine 
how many discriminable steps of heat can be distinguished from threshold 
stimulus to a painful stimulus. If the threshold be taken as the lowest 
possible, i.e., the excitation threshold of the receptors, then there appear to 
be about 30 steps of thermal sensation distingrrishable between this 
threshold and the onset of pain. 
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SUMMARY 

1. The flicker method for studjdng temperature sensation is presented 
and is found to give results in harmonj’’ with results obtained by direct 
estimates of sensation. Wider use is made of the subjective estimates of 
degrees of sensation than has hitherto been generally attempted, and tliis 
method has been found thoroughly reliable. 

2. The Weber-Fechner law Avas found to hold in a limited range (up to 
1,000 X 10”® gm. cal. per sq. cm. per sec.). 

3. The Ferry-Porter law is demonstrated to be a special case of the wider 
Weber-Fechner law. 

4. A study of the Weber increment shows that it may either change with 
the intensity, or be a constant, depending on the range. The behavior of 
the increment is such as to suggest three receptor types: warmth receptors, 
pain receptors, and a “C receptor.” 

5. A close correlation between Weber increment and sensation increment 
has been made for Avarmth. 

6. There are about 30 discriminable steps in the range of intensities from 
threshold to pain. 
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WTiether products of protein digestion contribute directly to the stimuli 
causing the intestinal phase of pancreatic secretion has not been deter- 
mined. They are known to increase pancreatic secretion when taken by 
mouth (Dolinski, 1894; Bylina, 1911; Kobzarenko, 1915) but their effec- 
tiveness is generally attributed to the acid which the}' cause to be secreted 
by the stomach or to the water contained in their solutions (Babkin, 1914; 
Iv3’, 1930). In a few experiments amino acids (Frouin, 1913; Arai, 1921) 
or peptones (Conheim and Clee, 1912) have been introduced directly into 
the intestine and stimulation of pancreatic secretion observed. The solu- 
tions used in some of these experiments were stronglj' acid. Neutral 
solutions were reported to have about the same effect as an equal amount 
of water. No technically satisfactory* experiments have been reported. 
Many were done on anesthetized animals, generally the pH and freezing 
point of the solutions were unknown and in some the methods of collecting 
pancreatic juice were not such as to give reliable quantitative results. 
For this reason and in view of the recent observation (Crider and Thomas, 
1940) that the water present in neutral, isotonic solutions fails to stimulate 
the pancreas when placed dii’cctlj’’ in the intestine, we determined to re- 
investigate the problem. 

Methods. The arrangements for collecting pancreatic juice were the 
same as described in previous reports (Crider and Thomas, 1940; Thomas 
and Crider, 1940; Thomas, 1941). Four dogs were used but the quanti- 
tative data to be presented were obtained on three only, one having died 
before the work was completed. Each animal was pro\dded with a can- 
nulated duodenal fistula placed opposite the opening of the main pan- 
creatic duct and the juice was collected through a rubber funnel held 
against the mucosa surrounding the duct. Appropriate control experi- 
ments proved that extraneous fluid (succus entericus?) collected by this 
method amounted to less than 1 cc. per hour and was not increased by 
injection of peptone or amino acids into the intestine. A cannulated 
gastric fistula was also made and effective drainage of the stomach was 
maintained during experimental periods. In one dog the bile duct was 
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transplanted into the stomach and in this and one other animal the acces- 
sory pancreatic duct was ligated at the time of operation. Much larger 
quantities of pancreatic juice were regularly obtained from the animals 
with accessory ducts ligated. Qualitatively, the results were uniform re- 
gardless of the type of operation. 

Experiments were begun 18 to 24 hours after the last previous meal. 
Solutions were introduced into the intestine via a small (i^ inch bore) 
rubber tube passed distally through the duodenal fistula to a point 6 inches 
to 12 inches below the pylorus. 

The effect of peptone in the intestine was also tested on a few anesthe- 
tized animals but with uniformly negative results. 

Results. The possible rdle of bile in the secretogogue action of peptone. 
Very early in this study it became evident that introduction into the in- 
testine of neutral, isotonic solutions of commercial peptones, certain amino 
acids, or protein digests prepared in the laboratory was followed regularly 
by an increase in the rate of pancreatic secretion. However, peptone in 
the intestine also stimulates the flow of bile (Bruno, 1899; Pavlov, 1910) 
and bile was thought by some to stimulate the flow of pancreatic juice 
(Mellanby, 1926). We therefore thought it advisable to postpone further 
study until the question of the pancreatic secretagogue action of bile could 
be investigated. Experiments of which a preliminaiy report has been 
made (Thomas and Crider, 1941) proved conclusively that, under our 
experimental conditions, bile in the intestine does not increase the flow of 
pancreatic juice. 

Comparison of peptone loith other stimuli. In this series of experiments 
the effect of injecting 20 cc. of a 5 per cent peptone (Bacto-Protone, 
Difco.) solution into the duodenum was compared vdth the effect of 10 
cc. of N/10 HCl, or 40 to 60 cc. of distilled water, similarly administered, 
and with 4 “units” of a commercial secretin preparation (Pancreotest) 
given intravenousljL The volume, specific gra^nty and total nitrogen of 
the pancreatic juice collected after stimulation were determined. 

A consistent routine Avas followed in aU the experiments. After the 
animal was prepared a single injection of one of the stimulating solutions 
was administered and after a convenient time, never more than one minute, 
a 10 ml. gi-aduated cylinder was placed under the collecting tube and the 
secretion collected for 10 minutes. Again after a convenient time, gen- 
erally one minute, a second injection of the same material was given and 
the above described procedure repeated until five or six samples had been 
obtained. Another stimulus was then substituted and the procedure re- 
peated until the desired number of samples had been obtained with each 
stimulus. In a few experiments the secretion was collected for several 
minutes after feeding and studied to determine the properties of “psycliic 
secretion.” 
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Tlic first few oljservations i-evealcd the fact that although the properties 
of the secretion varied witli the type of stimulus used, characteiistic values 
were not obtained until at least two injections of the same stimulus had 
been given. Consequently, all .samples obtained during the 10 minutes 
following the first injection of any stimulus were discarded and are not in- 
cluded in the reported data. Volume and specific gravity were deter- 
mined on each sample and all but the finst samiile obtained during the use 
of a single t 3 qic of stimulus were pooled for nitrogen determination. The 
order in which the various stimuli were used was varied from daj' to da 3 ^ 
Tlie nitrogen determinations were made bj- a trained technician using 
the micro-Kjeldahl method. The method as used appeared to be subject 



Fig. 1. Graphic protocol of a typical e.\periment on dog 2-40 showing specific 
gravity and total nitrogen (mgm. per cc.) of the pancreatic secretion obtained with 
various stimuli. The small arrows mark the moments at which injections were given. 


to a maximum error of about 15 per cent. Specific gravities were measured 
by means of a 1 ml. specific gra\nty bottle. 

The procedure and results of a typical experiment are illustrated graph- 
ically in figure 1. Average data obtained in all the experiments of this 
series are presented in table 1. It is evident that 20 cc. of peptone solution 
caused the production of a slightly larger amount of secretion than 40 to 
60 cc. of distilled water. Also the secretion following peptone administra- 
tion had a higher specific gravity and contained several times as much 
nitrogen per cubic centimeter as that caused by water, secretin, or HCl. 

Comparison of various protein digests. This series of experiments was 
undertaken primarily to determine whether the capacity to stimulate the 
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secretion of pancreatic juice was limited to a few peptones or was char- 
acteristic of protein digests generally. As the work progressed it became 
evident that some digests were more effective stimuli than others so the 
data were arranged to bring out that fact as well. The experiments v^re 
conducted in the same manner as those in the group just preceding. Ex- 
cept in a few preliminary experiments, the total experimental time in any 

TABLE 1 


Amount and properties of pancreatic secretion produced by various stimuli 



DOG 

NUMBER 

VOL. PER 


TOTAI, N 


NUMBER 

BTIMULtrS 

10 MIN. 
SAMPLE 

BP, G. 

TOTAL N 

OF 

SAMPLES 





mgm.lec. 

mgm.l 

sample 


10 cc. N/10 HCl into duodenum 

3-39 

7.47 


1.54 

11.5 

4 


2-40 

8.6 

IKIiU 

1.38 

11.8 

6 


3-41 

10.0 


0.84 

8.4 

6 

Average 

8.69 

1.0107 

1.28 

10.56 







Secretin (4 units of pancreo- 

3-39 

4.3 


— 

III 

4 

test) intravenously 

2-40 

9.13 


1.12 

mm 

3 


3-41 

7.6 

IB 

0.42 

IB 

4 

Average 

7.01 

1.0118 

0.77 

7.20 





Dist. HjO 40 to 60 cc. into duo- 

3-39 

0.96 


— 

H 

2 

denum 

2-40 

4.4 

■RIeI 

2.38 

mm 

2 


3-41 

3.03 

1.0127 

2.66 

IB 

6 

Average 

2.79 

1.0116 

2.52 

9.22 




20 cc. 5 per cent bacto protone 

3-39 

1.54 


16.96 

26.12 

5 

into duodenum 

2-40 

3.73 

IB 

6.94 

26.6 

13 


3-41 

3.9 

H 

5.9 

21.09 

13 

Average 

3.06 

1.0254 

9.930 

24.61 


Feeding (psychic secretion) 

3-39 

— 


— 


1 


2-40 

— 

1.0190 

4.44 

— 

5 


3-41 

— 

1.0120 

— 

— 

1 

Average 


1.0175 

4.44 








one day was limited in this series to about three hours because it was 
found that the secretion obtained after prolonged stimulation had a lower 
specific gravity and contained less nitrogen than that obtained earher. 

The various substances used are listed in table 2. The commercial pep- 
tones were prepared in 5 per cent solution in 0.6 per cent sodium chloride 
solution. Freezing points were not determined but we know from pre- 
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vious experience that such solutions are approximately isotonic. The pH 
was determined for a sample of .such a solution of each peptone; all were 
above pTI 6.0. The digests prepared in the laboratory’' contained 4.0 mgm. 
of nitrogen per cc. and approximately 21 per cent of solids. They were 
adjusted to between pH 6.8 and 7.2 with NaOH or HCl and made isotonic 


TABLE 2 

Arnoiint and properlies of pancreatic secretion produced by various protein digests 


BTIiWLVB 




BECJJETIO.V 











JIATIO, N 


Total N 

Per cent 

Num- 
ber of 

Vol. per 
10 min. 

Sp. B. 



secheted: 
N IKJECTED 



protcoilC 

samples 

e.amplo 








CC. 



mgm./ 

tarnple 


Commercial 









products 
Witte’s peptone. 

5.95 

(high) 

13 

2.93 

IIH 

9.60 

24.01 

0.201 

Bacto protone . . 

7.92 

81-4- 

31 

3.06 


9.93 

24.61 

0.155 

Nco peptone. . . . 

7.42 

254" 

14 

2.35 


8.20 

17.71 

0.133 

Bacto peptone . . 
Amino acid 

8.2G 

6- 

42 

1.83 

nnnm 

8.86 

14.47 

0.092 

powder 
(Stearns) 

6.46 

0 

11 

1.08 

1.0258 

4.88* 



Laboratory prep- 









aratious 

Pepsin digest of 









casein 

4.0 

- 

21 

2 27 

1.0218 

7.526 



Pepsin-trypsin 




digest of 









casein 

4.0 


22 

1.96 

1.0244 

8.71 

14.30 

0.178 

Proteose from 





neo peptone. . . 
Proteose from 

4.0 

100 

24 

2.39 

1.0205 

6.48 

13.88 

0.173 

intestinal con- 
tents 

4.0 

100 

12 

2.30 

1.0202 

6.39 

13.27 


Proteose from 





gastric con- 
tents 

4.0 

100 

11 

1.96 

1.0199 


12.55 


P.T.A. digest of 



12.07* 


casein 

4.0 

(trace) 

10 

1.99 

1.0233 

5.5* 







* Average based on data from 2 animals only. 


(A between 0.5° and 0.65°C.) by addition of NaCl when necessaryL The 
pepsin and pepsin-tiypsin digests of casein were prepared as described m 
a previous article (Thomas and Crider, 1939). The “P.T.A.” (pepsin- 
tiypsin-alkali) digest was prepared by subjecting the pepsin-tiypsin digest 
to prolonged boiling after saturating the solution with barium hy-droxide. 
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The amino acid powder^ gave a negative biuret test but was not guaranteed 
to be free of peptids. All solutions were injected in 20 cc. amounts. 

The results are summarized in table 2. The figures presented are aver- 
ages of the results obtained on the three dogs. There were consistent 
difierences in the responses of the individual dogs, an estimate of which 
can be obtained from the data in table 1. The results .recorded in the 
table show that all the preparations tried in this group of experiments 
were effective in causing secretion of a considerable amount (averaging 
1 to 3 cc. in 10 min.) of pancreatic juice of high specific gravity and con- 
taining a large amount of nitrogenous material. 

When preparations of uniform concentration in terms of nitrogen, such 
as the laboratory preparations, were used the stimulating activity of the 
various products may be compared by comparing the volume of the 10 
minute samples or the total nitrogen secreted (mgm. per sample). For 
comparing these preparations -with the commercial products, which were 
used in more concentrated solutions, the figures given in the last column 
of the table are presented. These values were obtained by dividing the 
figures for total nitrogen secreted (mgm. per sample) by those for total 
nitrogen injected (mgm. per 20 cc. of solution). Obviously, this method 
of comparison fails to take account of any influence wliich concentration 
alone independent of total quantity may have had on the effectiveness 
of the material. 

It may be noted that differences in the effectiveness of the various 
peptone preparations as stimuli for the pancreas appeared chiefly as differ- 
ences in the volume of secretion; specific gravity and total nitrogen (mgm. 
per cc.) showed little variation in the averages. We also noted that among 
the individual animals those yielding a larger volume of secretion in re- 
sponse to a given peptone stimulus produced proportionately less nitrogen 
in milligrams per cubic centimeter so that the total nitrogen secreted 
(mgm. per sample) in response to a uniform stimulus was remarkably 
similar from animal to animal. This fact is well brought out in the re- 
sults with Bacto-Protone, presented in table 1. 

Discussion. These experiments prove that various products of pro- 
tein digestion are capable of acting in the intestine as powerful stimuli 
for certain functions of the pancreas, notably the secretion of nitrogenous 
solids. These products also increase the volume of the pancreatic secretion 
but in tins respect they are inferior to HCl. It has also been shown that 
the secretagogue action of peptone solutions is not dependent on the water 
present nor on acid which they cause to be secreted. It is, therefore, a 
specific property of one or more of the products formed in the digestion 
of protein. IWiat the active products are is difficult to determine with 

i This material was kindly furnished gratis by Frederick Steams and Co. of 
Detroit. 
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certaintj'- but purified proteoses and some of the amino acids have been 
shown to be effective stimuli. On the other hand, the most abundant 
amino acids (glutamic acid and gl3*cine) are known to be ineffective in 
neutral solution (Thomas and Crider, 1940 ) and some of the peptones and 
peptids raaj', therefore, also be inactive. However, the fact that eleven 
different preparations derived from various proteins and subjected to 
various degrees of digestion b3' different agents all exhibited the capacity 
to stimulate the pancreas indicates that this property is widespread among 
the products of protein digastion. 

Among the commercial preparations the capacit3’’ to stimulate the pan- 
creas appeal's to be inversely related to the relative completeness of diges- 
tion as indicated b3" the diminishing percentage of proteose. This fact 
suggests the attractive theoiy that onb* those products which require 
further digestion call forth an abundant secretion from the pancreas. Ke- 
sults obtained vdth the laborator3’ preparations do not seem to support 
this suggestion. For example, the proteoses were no more effective stimuli 
than the pepsin-trypsin digest of casein and of the three casein digests 
only the pepsin-tr3'psin-alkali (P.T.A.) digest appears, on the basis of data 
obtained from two animals, to have lost potenc3'’ as a stimulus with the 
progress of digestion. There is reason to believe that data from the other 
animal would have diminished this apparent loss. The relative effective- 
ness as stimuli for the pancreas of the various classes of products of protein 
digestion must, therefore, remain undecided for the present. 

The mechanism through which the peptones stimulate the pancreas has 
not been studied by the usual methods. Nevertheless, the properties of 
the secretion are such that it could not have been produced 63’’ the action 
of secretin alone. The onb^ alternative mechanism knowm is ner^mus and 
it is significant that the properties of the secretion obtained b3’’ peptone 
stimulation are similar to those of “pilocarpine juice,” “vagus juice,” 
“psychic secretion” (see table 1) and the secretion following adrmnistration 
of acetylbetamethylcholine (mecholyl). We are, therefore, comdneed that 
the peptones act through a nervous mechanism. If we are right we have, 
we believe for the first time, found a function of major ph3’^sioIogical im- 
portance to be ascribed to the secretory nerve fibers that have long been 
known to supply the pancreas. We hope in the near future to begin 
experiments designed to trace the reflex pathway. 

SUMJLARY AND CONCLUSIONS 

1. Products of protein digestion act in the intestine as stimuli for the 
external secretory function of the pancreas. Their effectiveness is not 
dependent on the coincident flow of bUe into the intestine nor on the 
secretagogue action of water or acid. 

2 . The secretion produced by peptone stimulation has a higher specific 
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gravity and contains many times more nitrogen per cubic centimeter than 
that produced by water, acid or secretin. 

3. There are wide variations in effectiveness as stimuli for the pancreas 
among various commercial peptones and protein digests prepared in the 
laboratory. Among commercial peptones the more effective products are 
those having the higher percentage of proteose. 

4. The properties of the secretion are such that it could not be produced 
by secretin stimulation alone. 

5. The secretion elicited by peptones resembles that caused by pilo- 
carpine and other stimuli acting through or on the secretory nerves. 
Hence, the conclusion is drawn that the peptones act through a nervous 
mechanism. 
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Object of study. Previous studies from this laboratory have anah'zed 
in some detail the reactions to various atmospheric conditions of the human 
body when at rest in a semi-reclining position (Winslow, Herrington and 
Gagge, 1937; Herrington, Winslow and Gagge, 1937; Gagge, Herrington 
and Winslow, 1937; Winslow, Herrington and Gagge, 1939; Gagge, Wins- 
low and Herrington, 1938; Winslow, Herrington and Gagge, 1938; Winslow, 
Gagge and Herrington, 1939; Winslow, Gagge and Herrington, 1940). 
The purpose of the present investigation was to extend the observations 
made on resting subjects to subjects performing active physical work on a 
bicycle ergometer. 

Conduct of experiment. The studies were carried out in an experimental 
booth which has already been described (Winslow, Gagge and Herrington, 
1940) and by the same general techniques emjjloyed in our earlier work. 

Air and wall temperatures were the chief atmospheric variables studied 
in the investigations here reported. They were accuratel}’ regulated and 
checked b}’- records of air temperature and measurement of the brine tem- 
perature in the walls of the chamber (which determined mean radiant tem- 
perature) at twenty-minute intervals. The relation between brine 
temperature and mean radiant temperature was, of course, previously' 
established by Vernon (1932) globe readings. Atmospheric humidity' was 
maintained in general in the tests between 40 and 50 per cent saturation. 
Air movement in the chamber was measured by' the hot-wire anemometer 
and was ordinarily' 5 to 8 cm. per sec. In certain experiments, as noted, 
higher velocities were produced by' the use of fans. 

Two subjects (nos. VII and IX) were used in all tests, the same y'oung 
men employ'ed in earlier studies (Vrinslow, Gagge and Herrington, 1940). 

The unclothed subject, after preliminary' weighing, took his place on a 
bicycle ergometer of the recording electrodynamic ty'pe described by' Kelso 
and Hellebrandt (1934), and began exercising at a predetermined load, 
measured on a recording voltmeter, and a fixed pedalling rate. Each ex- 
periment lasted for 90 minutes and computations of heat interchange were 
based on the period between 22J and 82-2- minutes from the beginning of 
the experiment. 
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The schedule of an experiment was as follows: 

a. Bectal temperatures were recorded by a thermocouple inserted into 
the rectum at the beginning of the experiment and the measurement re- 
peated every 7^ minutes thereafter. 

h. Skin temperature at fifteen representative points on the body surface 
Avas recoi’ded at half-hour intervals by a Hardj’’ thermopile. 

c. Total metabolism (O 2 consumption) was determined twice with 15- 
minute samples, between 22h and 371 minutes and betAveen 67| and 821 
minutes after the beginning of the experiment, by means of a special adapta- 
tion of the Benedict-Roth apparatus, capable of handling rates up to ten 
times basal Amlues (Gagge, 1941). 

No determination of R.Q. AA^as made since it appeared that the possible 
error in computing the calorie equiA'^alent of the O 2 consumption on the 
basis of an assumed R.Q. of 0.83 AA'ould be very small. The typical exer- 
cise R.Q. has been shoAvn to be affected by special diets and has been the 
subject of considerable dispute. Tavo recent studies (Christensen and 
Hansen, 1939a, 1939b) on subjects trained for ergometer AA’ork and living 
on a mixed diet have shoAAm, hoAveAmr, that 0.83 is a representathm value. 
Other data reported by the same investigators and also bj’’ Dill, EdAA-ards, 
Bauer and Levenson (1931) haA^e likeAidse shoAvn that R.Q, is not affected 
bj’’ Amriations in enAdronmental temperature OA'er the range from 7 to 34°C. 
The inherent convenience of a record based on oxygen consumption alone 
AA'as thought to outAA'eigh, for our particular experimental aims, any minor 
increase in accuracy possible AA'ith gas analysis techniques, 

d. The subject Avas AA'eighed at the beginning of each experiment, after 
15 minutes, after 45 minutes, and finallj’^ at the close of the experiment, on 
a sensitive platform scale placed adjacent to the bicj^cle. 

Detervimation of convection constant. Of the fiA’-e fundamental elements 
in thermal interchange, metabolic heat production and CAmporatNe heat 
loss AA^ere thus obtained by direct observation. ConA’-ection and radiation 
interchanges are, of course, determined by air and Avail temperatures, re- 
spectiA’-ebq on the one hand and mean skin temperature on the other, Avliich 
Avere recorded as indicated above. To determine the factor of heat loss by 
conA’-ection per degree difference betAveen mean sldn temperature and air 
temperature, the folloAving series of experiments Avere conducted. 

Wall temperatures AA^ere so regulated as to be approximately the same as 
mean sldn temperatures, so that radiation interchange Avas practically nil. 
Air temperature, on the other hand, was Amried over a range of 15°C. 
Observations Avere so made that the partitions applied to approximate 
“steady states”; hence thermal storage aa'rs usually insignificant. Under 
such circumstances, storage can be computed AA'ith reasonable accuracy 
from the changes which occur during the experiment in skin temperature 
and rectal temperature, giAong the former a Aveiglit of 1 and the latter a 
weight of 2. 
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In the six experiments with each of two subjects, presented in table 1, 
it will be noted that work was limited to approximately 46.3 ±0.2 kgm.-cal. 
per hour and the corresponding metabolism ranged between 297.0 and 328.2 
kgm.-cal. Mean radiant temperature and mean .skin temperature never 
differed by more than 1.6° and radiation heat interchanges, therefore, varied 
onb’’ from + 7.6 to — 13.4 kgm.-cal. Storage exceeded 9 kgm.-cal. in only 
two instances and in only one of these exceeded 13 kgm.-cal. This was 
because the skin temperature of the subjects never changed more than 
about 1° and the rectal temperature never more than 0.5°. Thus, the con- 


TABLE 1 


Experiments conducted for the determination of the convection constant 


SUBJECT AND 

TEMPEnATDKE 

, -c. 

HEAT INTERCnAKaE, KILOCKAM-CALOIIIES VZH HOUR 

EXVEtUMKNT 

Ta- 

Tir* 

Ts' 

m 

tri 

Ei 

n% 

Si 

c** 

VII-77 

15.7 

30.2 

31.7 

297 

-46 

-73 


-6 

-161 

7S 

16.7 

32.1 

32.3 

315 

-46 

-127 

-2 

-9 

-132 

79 

19.6 

30.8 

32.2 

313 

-46 

-114 

-11 

-3 

-139 

SO 

23.3 

31.2 

32.8 

304 

-46 

-153 

-12 


-82 

81 

28.3 

32.3 

33.9 

316 

-46 

-193 

-12 


-54 

82 ' 

32.1 ; 

34.3 

34.3 

316 

-46 

-234 

0 

-9 

-26 

IX-63 

17.1 

32.4 

31.3 

307 

-46 

-118 

■1 

3 

! 

-153 

G4 

17.9 

31.4 

31.8 

322 

-46 

-106 

HI 

4 

-171 

65 

21.3 

32.7 

31.6 

300 

-46 

-135 

mm 

3 

-124 

66 

24.1 

31.8 

32.0 

309 

-46 

-202 

h| 

6 

-64 

67 

27.8 

31.9 

31.8 

315 

-46 

-216 


-3 

-49 

68 

32.4 

33.6 

33.4 

328 

-47 

-287 

■1 

2 

2 


* "E A, Tw, and Ts, air temperature, mean radiant wall temperature, and mean 
skin temperature. 

, t M, metabolism. 

X IF, work, as measured from the calibration of the ergometer. 

§ B, evaporative heat loss. 

^ Computed on assumption that radiation area is 70 per cent of total body area. 

II Computed from changes in skin temperature and rectal temperature. 

** Computed from M — W — E zh. S ± R. 


vection loss, computed from the algebraic sum of metabolism, work, 
evaporation, storage, and radiation was chiefly determined by the large 
measured factors of metabolism and evaporation. 

In the upper part of figure 1 we have plotted the convection loss, as thus 
estimated, against the difference between mean skin temperature and air 
temperature for each experiment. The slope of this curve gives a convec- 
tion constant of between 10 and 11 kgm.-cal. of heat loss for each °C. 
difference in temperature between skin and air. It vdll be noted that the 
points fall about the mean slope as drawn except in the case of one of the 
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two coldest experiments for subject This departure is in accord with 

our earlier studies which show that under cold conditions considerable 
storage (cooling of body tissues) occurs without being immediately mirrored 
in fall of skin and rectal temperature. 

When the convection constant is computed for the individual as a unit, 
it is apparently the same for both subjects. If computed per unit surface 
area — as in our earlier work on subjects at rest — ^the constant is 5.3 for 
subject "VTI (a large individual) and 6.7 for subject IX (a small individual). 
Since, in the case of a subject actively pedalling on a bicycle, convection 
loss is largely determined by the movement of the legs it is not surprising 
that, when subjects differ in size, the over-all heat loss from the whole body 
gives more consistent results than that computed for a standard area. In 
a subject at rest, both metabolism and processes of heat loss are adjusted 
to total surface area but this is not the case in exercise where the level of 
heat production is arbitrarily'’ set by the severity of the task. We shall, 
therefore, present our data in general on the basis of the total subject 
and not — as in much of our previous work — per square meter of body 
surface. 

Influence of 'pedalling rate and air movement on the convection constant. 
For rough comparison with results on resting subjects we may take a con- 
vection constant of 5.9 per square meter per hour (per °C. difference in 
temperature between skin and air) as representing an approximate mean 
value for the two subjects under working conditions. 

In our earlier work on resting subjects in a semi-reclining position we 
found the convection constant to be 1.0 W where V is the velocity of 
air movement in centimeters per second (Winslow, Gagge and Herrington, 
1940). In the present series of studies four tests were made on each sub- 
ject in a sitting posture on the bicycle but at rest without pedalling. The 
constants obtained are shown in table 2, for the whole subject, and per 
square meter, and also the component which gives the constant when 
divided by VV- 

The mean of these eight values is 0.8 VV which means that the rate of 
convection loss for the subject sitting up at rest is slightly less than in 
the case of the reclining subject. This is in accord with what we would 
expect. The reclining subject has his long diameter in a moi’e nearly 
horizontal position than the sitting subject; and the more nearly vertical 
is the position of the heated cylinder, the less will be the rate of convec- 
tion loss. 

It will be noted that the constants for convection loss from the whole 
body of the subject in table 2 for low air velocities are less than one- 
third those derived from table 1. The difference is obviously due to in- 
creased convection due to the movements (particularly of the legs) in- 
volved in pedalling. To measure this factor and to determine its relation 



TOTAL CONVECTION LOSS 


rj . T* IN * C 



f'COA C rtATE «N q. P, w. 



Fig. 1 Fig. 2 

Fig. 1. Upper graph. Relation of heat loss by convection to difference between 
skin and air temperatures (basic curv'c for determination of convection constant). 
Lower graph. Relation of convection constant to varying pedalling rates. 

Fig. 2. Relation of heat loss by radiation to intensity of radiative demand of the 
environment (basic curve for determination of radiation area). 


METABOLISM 



Fig. 3 Fig. 4 

Fig. 3. Variation in heat interchange by various avenues with rate of metabolism 
(as determined by varying rate of w’ork). 

C = convection heat loss, R = radiation heat loss, JS = evaporative heat loss, 
= energy consumed in work, 5 = storage (values below zero denote bod 3 ’- cooling). 
Total height of column equals metabolism. 

Fig. 4. General and regional skin temperatures, conductance, rectal temperatures, 
and wetted area for five different rates of metabolism. Metabolic value: A, 169; 
B, 201; C, 302; D, 384; B, 424 kgm.-cal. per hour. 
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to air movement we conducted 50 experiments, with varying pedalling 
rate, 30 at normal low air velocities and 20 with liigh air velocities (17-23 
cm.^ec.). The total amount of work performed (and the related me- 
tabohsm) were approximately the same, the different pedalling rates being 

TABLE 2 


Convection constants for subjects at rest in sitting posture on the bicycle 


AIR VEL. 

SUBJECT VU 

SUBJECT IX 

C/AT 

C 

C 

C/AT 

C 





■■1 

cvi./sec. 

1 






4.1 

2.5 


0.6 

3.2 

2.0 

1.0 

5.1 

i 



3.6 1 

2.3 

1.0 

6.1 

3.4 


0.7 




17.8 

7.4 

3.7 

0.9 

5.0 

3.1 

0.7 

19.3 

5.6 

2.8 

0.6 




20.3 




5.5 

3.4 

0.8 


TABLE 3 

Total convection constant for varying pedalling rates at low and high air movement 


AIB MOVEMENT 


4-8 cm./seo. 

17-23 cm./seo. 

Pedalling rate, R.P.M. 




0 

28-29 

34-36 

48-50 

63-68 

0 

28-29 

34-36 

48-60 

63-68 

VII 

2.5 

10.3 

11.2 


13.1 

7.4 

15.3 

13.4 

ISI 

13.0 


3.4 

10.8 

11.2 


11.9 

5.6 



IB 




11 . 4 ' 

11.8 

■Hw 











12.2 





17.1 






11.5 











11.4 







IX 

3.2 

7.2 ’ 

K Sfl 

9.7 1 

11.8 

5.0 

16.6 ' 

12.6 

13.6 

■HH 


3.6 

10.8 

ISI 

10.1 

11.5 

5.5 

14.4 

12.2 

9.4 

■HH 



11.5 

11.0 

10.4 ! 

9.7 


11.4 

12.6 

9.2 

|R| 




1 

13.5 * 





12.9 

■mill 





9.2 ^ 









1 


10.8 i 

1 

! 

i 






Mean 

3.2 

10.3 

11.3 

11.5 

11.7 

5.9 

14.4 

12.7 

13.1 

1 

13.2 


regulated by decreasing or increasing the resistance of the bie^’^cle. We 
have expressed all results in terms of total body area since — as pointed 
out above — this is the most consistent measure of convection loss under 
the conditions of the experiment. We have also added one column of 
table 2 for comparison. 

It vdll be noted (table 3) that the process of pedalling even at the low 
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rate of 28 to 29 revolutions per minute, nearly tripled the convection 
constant and further increase did not materially change the picture. The 
lack of further increase with more rapid pedalling is perhaps not surprising, 
since the legs cany a blanket of warmed air with them and movement at 
more than a certain rate might naturally be ineffective. 

The mean results of table 2 plotted at the bottom of figure 1 confirm 
our constant of 11 for the pedalling subject at low air movement; and this 
constant for an air movement of about 5 cm. per sec. is equivalent to the 
constant which would be observed for a subject at rest with an air move- 
ment of 30 to 40 cm. per sec. This latter factor is an equivalent measure 
of the increase in convective heat loss due to the movements of the bod 3 ^ 

So far as the influence of air movement itself is concerned, we note 
that an increase from 5 cm. to 20 cm. for the resting subject doubled the 
convection loss which accords with the square root formula. 

In the case of the pedalling subject, a similar increase in external air 
movement only raised the convection constant from 11 to 13. If, how- 
ever, we recall that the actual combination of air movement about the 
body and bodj’’ movement through the air is 30 -}- 5 in the first case, and 
30 -f 20 in the second case, the convection constant should be raised a 
little less than 20 per cent by the additional air movement — as is the case. 
For our standard pedalling rate, the convection constant is about 11, and 
this value (rather than the 10.5 indicated in the upper part of the graph) 
has been used in our later computations. 

Determination of the radiation area. Having determined the convection 
constant, a series of 10 experiments were made with each of our two sub- 
jects to determine their radiation area. The experiments were so set up 
that air temperature varied but little (from 18.4 to 22.4°C.) and that 
storage (estimated from change in skin and rectal temperature) was small 
(from 4-20 to —11 kgm.-cal.) in relation to total heat interchange. Skin 
temperature changed less than 1°C. (except in three cases, where the 
changes were less than 1.2°, respective^’’). Rectal temperatures changed 
less than 0.3° (except for one case where it reached 0.55°). Metabolism 
varied from 347 to 374 for subject VII and from 319 to 343 kgm.-cal. for 
subject IX. The work performed varied from 48 to 55 kgm.-cal. 

It will be noted from table 4 that vith both subjects, radiation loss 
dropped rapidly between experiment 12 and expeiiment 13, when wall 
temperatures began to exceed 15°C. In the case of subject VII, active 
increase in sweat secretion took place from experiment 8 on, while the in- 
crease began with subject IX in experiment 11 when the radiant tem- 
perature reached about 14°C. Clearly, the subjects were in the phase of 
evaporative regulation throughout all these experiments, the inci’easing 
sweat secretion just balancing a tendency to decreased radiation as con- 
ditions became progressively warmer. 
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For determination of the radiation area, the total radiation loss for each 
subject has been plotted in figure 2 against “radiation intensity” — ^the 
heat loss per square meter which would be expected from Stefan’s Radia- 
tion Law for the recorded difference between skin temperature (Ts) and 
mean radiant temperature of the surroundings {Tw)- The slope of the 
graphs gives the radiation area which amounts to 72 per cent of the total 

TABLE 4 


Experiment conducted for the determination of the radiation area 


SUBJECT 
AND EXPERI- 
MENT 

TEMPEKAT0BE, ‘C. 

HEAT INTEHCBANQE, EIEOGRAM-CAIiOEIES 

PER HOUR 

RELATION 

INTEN8ITT, 

m 

Ta 

Tw 

Ts 

M 

W 

E 

C 

S* 

Rt 

VII- 8 

18.5 

8.6 

29.7 

350 

-50 

- 35 

-119 

-6 

-141 

-104 

9 

18.4 

10.8 

30.3 

347 

-50 

-53 

B 

+11 

-126 

-97 

10 

18.9 

12.3 

30.2 

351 

-51 

-68 


+7 

-119 

-90 

11 

19.9 

14.3 

30.1 

357 

-51 

-52 


-9 

-137 

-80 

12 

19.8 

15.2 

30.3 

372 

-52 

-100 

-111 

+8 

-113 

-77 

13 

20.6 

18.0 

31.4 

366 

-55 

-118 

-114 

+8 

-81 

-67 

14 

21.1 

19.4 

31.4 

350 

-50 

-104 

-109 

+5 

-92 

-62 

15 

21.3 

20.4 

31.9 

374 

-51 

-141 

-112 

-7 

-63 

-61 

16 

22.4 

22.6 

31.9 

351 

-51 

-145 

-101 

-7 

-47 

-50 

17 

22.3 

23.1 

31.6 

358 

-48 

-143 

-99 

+10 

-78 

-45 

IX- 8 

18.9 

9.3 

28.8 

330 

-51 

-83 

-105 

+1 

-92 

-96 

9 

19.3 

11.5 

29.2 

328 

-48 

-77 

-105 

+3 

-101 

-88 

10 

19.3 

11.7 

29.2 

330 

-50 

-70 

-105 

-9 

-96 

-87 

11 

19.6 


29.5 

343 

-50 

-100 

-105 

-4 

-84 

-79 

12 

19.9 

15.1 

30.0 

340 

-51 

-101 

-107 

+11 

-92 

-76 

13 

20.2 

16.8 

30.1 

331 

-50 

-142 

-105 

+15 

-48 

-68 

14 

20.4 

17.9 

29.7 

328 

-53 

-122 

-98 

+8 

-63 

-61 

15 

20.6 

19.1 

30.4 

331 

-50 

-150 

-104 

+20 

-47 

-59 

16 

21.4 


30.7 

319 

-50 

-155 

-98 

+1 

-17 

-53 

17 

22.4 

22.7 


337 

-50 

-159 

-90 

+2 

-40 

-43 


* Computed from changes in skin temperature and rectal temperature, 
t Computed from M — W — EdtzS — C. 
t Calculated from Stefan’s Radiation Law, 

It = 4.92 X 10-8 

surface area for subject VII and 67 per cent for subject IX. It will be 
noted that under hot conditions for subject IX, three of the points fall 
below the gi'aph which — as shown in our earlier communications — vindicates 
that the sweat is running off vdthout evaporating and thus is not exerting 
its cooling effect upon the body. 

It appears then that the effective radiation area for a subject pedalling 
on a stationary bicycle is about 70 per cent of the total smdace area, as 
was found to be the case for the resting subject (Winslow, Gagge and 
Herrington, 1940). 
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In all future computations of the present paper, where the pedalling 
rate is 48, we shall use the convection constant of 11, and compute radia- 
tion as a 70 per cent radiation area, estimating storage by difference from 
the formula 


M -W-E±C±R = S. 

The influence of variations in work and metabolism wpon thermal inter- 
change. The major difference between the conditions here discussed 
(aside from the influence of body movement upon the convection constant) 
is the performance of ph 3 ’^sical work and the accompanjdng higher me- 
tabolism. A series of eight experiments were conducted with each of our 
two subjects in which the amount of work jjerformed was the onh’’ variable, 
to measure the influence of these factors more closel 3 ^ 

In these experiments, air and Avail temperatures Avere both held between 
20.6 and 21.6°C. Under these conditions the mean skin temperatures of 
the subjects varied betAveen 30.3 and 32.6°C. Subject VII had a skin 
temperature betAveen 31.1 and 31.6°C. in all but tAVO of the high-work 
experiments in Avhich Ts rose to 32.6°. Subject IX had a Ts var 3 Tng 
from 30.3 to 31.7°C., corresponding to his higher eA'aporative heat loss. 
The data Avith regard to thermal interchange are summarized in table 5. 

It Avill be noted that Avhen performing Avork at a rate of 8 kgm.-cal. 
per hour, subject VII had a metabolism of about 200, compared Avith a 
resting figure for this subject Avhile on the bic 3 "cle of 140; subject IX had 
a metabolism of about 150, compared Avith a resting figure of 110. Vflien 
performing AVOrk of 19 kgm.-cal., the metabolism for subject ^TI changed 
very slightly Avhile for subject IX it rose to nearly 200. At a Avork-rate 
of 45 kgm.-cal. both subjects shoAA'ed a metabolism of about 300. At 
57 kgm.-cal., both metabolisms rose to nearly 400; and at 70 kgm.-cal. 
of Avork to over 400. Omitting experiment ^TI-62 Avhere metabolism Avas 
abnormall3'' high, the efficienc3’^ of the AVork performed A-^aried betAA-een 
0.20 and 0.30 and aA^eraged 0.24. 

CoiiA'^ection and radiation shoAA'ed no significant relation to AVork as 
must necessaril 3 ’^ be the case since skin temperatures remained so nearly 
rmiform. Storage Avas positive (cooling of bod3’- tissues) AAotli AVork rates 
of 8 and 19 kgm.-cal. It Avas negathm at higher Avork rates, except in 
experiments VII-63 and lX-51. 

Since no great difference in reaction Avas manifested by the tAVO subjects 
and since the number of experiments Avith each subject AA-^as the same, we 
have averaged all results for both subjects at a given AVork rate and pre- 
sented them in figure 3. Positive storage (cooling of body tissues) has 
been plotted beloAv the base-line, negative storage, aboAm. The total 
height of the combined bars above the base line corresponds to the me- 
tabolism. 
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It be -noted that as work (and metabolism) increased, evaporative 
heat loss increased 'pari passu but not at so great a rate (except for the 
interval between 45 and 57 kgm.-cal. where evaporation almost exactly 
kept up with the increased thermal load) ; therefore, storage passes grad- 
ually from a positive to a negative value. ' '' 

It is of interest to note how fallacious is the habit of eipressing heat- 
interchange by various avenues as percentages of metabolic heat produc- 
tion. With subiects at rest (and equal wall and air temperatures) radia- 
tion and convection heat losses are nearly equal. With a pedalhng subject, 
convection loss is about 70 per cent in excess of radiation loss as a result 

TABLE 5 


Thermal interchange with varying work loads and related metaholism {pedalling rate held 

constant at 38 R.P.M.) 


SUBJECT AND 


m 

HEAT IKTEnCHANGE, KlLOOnAlI-CAEOniES rEB'BOUH 


Ta 

Tw 

Ts 

M 


E 

R 

C. 

S 

VII -62 

Qn 

21.4 

31.6 

210 

-8 

-29 


• -116 

’ 19 

66 


21.6 

31.2 

169 

-8 

-26 


■ - 1 Q 7 

.1 44 

63 


21.3 

31.5 

211 

-19 

-29 


,-118 

' 31 

67 

21.3 

21.5 

31.1 

203 

-19 

-40 


^-108 

35 

64 

21.2 

21.4 

32.6 

295 

-45 

• -59 

-83 

-125 

17 

68 

20.9 

21.1 

31.3 

300 

-45 ! 

-42 

- 76 , 

-114 

-23 

65 

21.2 

21.3 

32.6 

397 

-57 ! 

-92 

- 84 ) 

'-125 

-39 

69 

21.1 

21.2 

31.3 

439 

-70 

-105 

-75 

- 11.2 

' -77 

IX -48 

21.0 

21.3 

30.8 

144 

-8 

i 

-27 ' 

-56 ' 

CO 

o 

1 

55 

52 

21.4 

21.6 

30.6 

153 

-8 

-34 

-53 

Mm 

43 

49 

21.1 

21.4 

31.7 

201 

-19 

-38 

-61 


, 34 

53 

21.1 

21.4 

31.5 

191 

-19 

-43 

-59 

-114 

44 

50 

20.6 

21.1 

31.4 

317 

-45 

-86 ! 

-61 

-119 

-6 

54 

20.9 

21.3 

30.8 

297 

-45 

-82 

-56 

-109 

-5 

51 

20.9 

21.2 

31.0 

371 

-57 

-169 

-58 

-111 

24 

55 

21.0 

1 

21.1 

30.3 

408 

-70 

-172 

- 54 : 

-102 

-10 


of the movement of the limbs. Under such conditions, air- temperature 
is much more important than mean radiant temperature in determining 
comfort. Furthermoi’e, as seen from table 5, evaporative heat loss in- 
creases threefold for subject VII with increasing work and more than five 
times with subject IX, while convection and radiation losses remain fairly 
constant. 

Reactions of workmg subjects at various operative temperatures. The 
operative temperature has been defined in our earlier studies as the tem- 
perature representing the combined influence of air and surrounding sur- 
faces on heat losses from the body. The actual air temperature and mean 
radiant temperature must be duty weighted for radiation and convection 
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constants, respectively. To avoid this computation, we have conducted 
19 experiments for each subject in which air temperature and mean ra- 

TABLE 6 


Basic data at various operative temperatures with wall and air temperature equal* 


SOHJECT 

AND 

ExrEnx- 

MENT 

DATE 

Tot 

Tst 

Twt 

Tot 

TTt 

Tx,t 

Tflt 

Mt 

rt 

Et 

m 

C{ 

SI 

K§ 


VOTE 

vn -72 

1/15/41 

12.4 

27.9 


28.0 

ii 

m 

37.4 

305 

-47 

-20 

-109 

-171 

46 

15.8 

5 .e 

1 

71 

1/14/41 

15.5 


BCTB 

31.1 

RE 



328 

-40 

-45 

-102 

-165 

20 

18.9 

9.£ 

2 

34 

9/10/40 

15.0 

ES 


31.3 

31.6 

29.1 

37.0 

320 

-45 

-45 

-lOS 

-102 

40 

21.6 


4 

33 


15.7 




31.2 



313 

-46 

-38 

B g 

-155 

29 

20.0 

8.£ 

2 

47 

11/ 1/40 

15.8 

E 

31.1 

31.0 

31.2 

28.0 

37.9 

335 

-40 

-48 

B a 

-155 

14 

18.5 

10.4 

2 

46 

10/31/40 

10.1 

EIK 

31.3 

30.8 

31.8 

28.1 

37.7 

315 

-40 

-40 

B S 

-163 

30 

m 

9 .C 

3 

70 

1/13/41 

18.7 

31.2 

31.0 

1 2 

31.7 

29.6 

37.4 

303 

-40 

-45 

-93 

-135 

16 

21.8 

8.2 

3.5 

SO 

11/ 7/40 

20.2 

31.2 

31.8 

t X 

31.9 

29.7 

37.0 

317 

-46 

-49 

-82 


-31 

18.5 

9.4 

4 

73 

1/10/41 

20.8 

31.8 

32.8 

\m 

32.6 

30.5 

37.9 

314 

-47 

-48 

-82 

-122 

-15 

18.7 

lO.C 

4.5 

15 

7/16/40 

20.9 

KIR] 

31.9 

! X 

32.5 

30.8 

37.7 

374 

-51 

-141 

-SO 

-117 

-21 

21.9 


4.5 

68 

1/ 7/41 


31.3 


! w 

31.6 

30.4 

37.4 


-45 

-42 

-76 

-114 

-23 

18.7 


3.5 

57 

11/27/40 

21.2 

31.8 

32.3 

\m 

31.9 

30.8 

37.7 

380 

-46 

-54 

-77 

-120 

-83 

24.4 


4 

64 

12/19/40 

21.3 


33.2 

!B 

32.8 

31.6 

3 S .0 

295 

-45 

-59 

-84 

-125 

18 

24.4 

[ X 

4.5 

16 

7/17/40 

22.5 

31.9 


! X 

32.8 

30.7 

37.7 

351 

-51 

-145 

-70 

-105 

20 

27.2 

EX 

4 

17 

7/18/40 

22.7 

iim 


! mt 

32.0 

31.0 

37.5 

358 

-48 

-143 

-64 

-102 

1 

26.0 

27.6 

5 

74 

1/17/41 

24.3 

33.4 

33.9 

34.4 

34.1 

32.3 

37.7 

307 

-40 

-85 

-71 

-99 


RlilB 

14.5 

4.5 

75 

1/20/41 

26.8 



34.2 

33.7 

32.9 

37.7 

317 

-46 

-117 

-51 

-74 

-29 

27.6 

m 

4.5 

76 

1/21/41 




KMC 

34.6 

34.4 

37.8 

320 

-40 

-200 

-25 

-34 

-15 

41.3 

33.8 

4.5 

6 

2/ 5/41 

33.2 

34.3 


34.6 

34.2 

34.0 

37.6 

316 

-46 

-234 

-0 

-24 

-12 

38.2 

40.2 

5 

IX -5 S 

1/15/41 

12.4 

28.4 


30.1 

31.2 

25.2 

37.8 


-46 

-44 


-170 

46 


11.8 

2 

57 

1/14/41 

16.7 

29.4 

31.1 

ETiR 

31.6 

26.8 

37.4 

307 

-47 

-63 

-79 

-151 

33 

22.9 

16.3 

3 

33 

11/ 1/40 

15.8 


31.3 

E™ 

31.6 

20.9 

37.7 

303 

-46 

-48 

-78 

-163 

22 

21.5 

13.3 

3 

23 

10/31/40 

10.1 

29.8 

31.9 

EnVt 

31.8 

27.5 

37.9 

316 

-46 

-49 

-78 

-151 

8 

21.5 

13.5 

3 

32 

9/10/40 



30.8 

EfiW 

31.6 

27,6 

37.3 

288 

-40 

BE 

-81 

-154 

42 


15.1 

3 

22 

5/ 9/40 


IB!B 

31.4 

31.1 

31.7 

28.3 

37.4 

322 

-46 

-69 

-82 

-152 

27 

26.2 


4 

56 

1/13/41 

18.4 

31.3 

32.4 

32.2 

32.3 


37.7 

310 

-46 

-55 

-76 

sni] 

7 

26.5 

12.7 

4 

15 

7/18/40 



32.3 

31.8 

31.3 

E^R 

37.9 

331 

-50 

-150 

-66 

-108 

43 

gjfljj 

46.3 

4 

30 

11/ 7/40 


EiK 

33.1 

32.5 

32.5 

29.0 

37.8 

329 

-46 

-76 

-66 

-120 



18.3 

4.5 

59 

1/10/41 

RIV! 

Em! 

32.9 


32.0 

29.1 

37.6 

329 

-46 


-61 

-116 

-5 

26.4 

23.8 

4 

50 

12/19/40 

20.9 

31.4 

32.4 

BlB 


Em 

37.4 

317 

-45 

-86 

-61 

-119 

-6 

27.7 

20.8 

4 

16 

7/17/40 


EX 

32.0 
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• Relative hvimidity, 40-50 per cent saturation; air velocity, 5-8 cm. per sec. ; pedalling rat® , 48 R,P.M. 
t Operative temperature, mean skin temperature, temperatures of head, upper extremities, trunk an 


lower extremities, rectal temperature, ®C. 

t Metabolism, work, evaporative heat loss, radiation loss, convection loss, storage. 

§ Conductance in kilogram-calories per square meter per hour per ‘’C. difference between Tr and Ts^ 

^ Degree of wettedness, in kilogram-calories per square meter per hour per centimeter of Hg vapor pressure 
difference between skin and air. 

0 Vote of subject os to thermal comfort on a scale of 5, 1 being cold and 5 hot. 


diant temperature were nearlj"^ identical, almost never diffeiing by more 
than 1°C., and at a constant air movement of 6 to 8 cm. per sec. Under 
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these particular circumstances, the mean of the two temperatures is, for 
all practical purposes, the operative temperature itself ; and the pertinent 
data for these 38 experiments are presented in table 6. In all instances, 
relative humidity was moderate (50-60 per cent) and the work done (at a 
standard pedalling rate of 48-50 revolutions per minute) varied only from 
45 to 51 kgm.-cal. per hour. 

Metabolism and storage. It will be noted from table 6 that metabolism 
was generally between 290 and 340 kgm.-cal. for both subjects. Subject 
IX showed one low' value of 288 and a maximum value of 335 kgm.-cal. 
Subject VII had a minimum value of 295 and four abnormally high values 
of 351, 358, 374 and 380, respectively. With neither subject, however, 
was there any relation between metabolism and operative temperature. 

Storage values were also fairty uniform, ranging from —31 (heating of 
the bodj’^ tissues) to -f 50 (cooling of the body tissues) in all but one in- 
stance. In one experiment with subject VII (a pyknic subject) a very 
Ihgh value for negative storage of —83 was recorded. This was in ex- 
periment VII-59, which was the experiment with a metabolism of 380. 
Omitting this single abnormal figure we find that mean storage values 
varied as below. 



To 


Under 17° 

18°-22° 

Over 22° 

Storage, Subject VII 

-f33 

-10 

-5 

Subject rX 

-f30 

-f9 

4-ie 


Thus, for both subjects, body cooling Avas definitely present in every 
experiment at all operative temperatures below 17°C. At operative tem- 
peratures of 18° and above, subject VII (the pyknic) showed a general 
tendency at end of experiment toward body heating during exercise, subject 
rX (a slender subject) a slight tendency to body cooling. 

The mean, semi-reclining metabolism of these two subjects is about 
86 Calories, so that mean work metabolism here is about 3.7 resting basals. 
At 31°C. we have usually said it takes 4°C. to dissipate body heat; 3.7 X 4° 
equals 14.8°; 31° minus 14.8° equals 16.2°, which is very close to our 17°C. 
neutral condition. It appears as though the equilibrium point for a given 
work-rate might almost be computed by multiplying the working me- 
tabolism expressed as a multiple of basal metabolism by 4 and subtracting 
the value obtained from 31°. 

Heat loss by radiation and convection. Heat loss by both radiation and 
convection, of course, steadily increased with falling operative tempera- 
ture. It is interesting to note from table 6 that convection loss for the 
tivo subjects was essential!}’' identical at any given operative temperature. 
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For any given operative temperature, however, sui^ject VII lost about 
20 more kgm.-cal. than subject IX by radiation. This, of course, merely 
illustrates the fact that under working conditions — where the rapid move- 
ment of the legs is the main factor in convection loss — ^Ijodj' build and 
body size have little influence on the magnitude of the convection but 
they still play an important role in determining the magnitude of the 
radiation loss. 

SJdn iemperahire, rectal tcmpcralurc and conductance. It will be noted, 
from taljle G, that moan skin temperature for both subjects falls with de- 
creasing operative temperatures but a trifle more rapidlj" for subject VII, 
the pyknic subject, because his skin temperature was higher under hot 
conditions. Thus, for subject VII the mean Ts fell from 34.3° at a To of 
33.2° to a value of 27.9° at a To of 12.4°. For subject IX, the correspond- 
ing To values were 33.4° and 28.4°. In each case a decrease of 20° in 
operative temperature caused a fall of from 5° to G.5° in mean skin tem- 
perature. This is much the same reaction as that of the resting subject 
(Herrington, Winslow and Gagge, 1937). 

For comparison, we have averaged the data for each half-degree tem- 
perature inter^'•al and have compared the results, in figure 5, with those 
obtained for subjects IX and VII in a resting position as reported in an 
earlier paper (Winslow, Herrington and Gagge, 1937) for both mean skin 
temperature and conductance. 

It is most interesting to note that the vainations of both skin temperatiue 
and conductance with falling operative temperature are almost identical 
for the resting and the working subject. Each indiwdual has his oum 
level of skin temperature under waim conditions, that for subject "NTI 
being high and for subject IX being low. Under cold conditions all fall 
close together. With subject '\HI — observed in both series skin tem- 
perature and conductance (which varies with vasodilatation) were actually 
lower at a given liigh operative temperature under work conditions than 
at rest. This indicates a surprisingly perfect adaptation to the enor- 
mously increased load of heat production under conditions of wgorous 
physical work. 

Furthermore, the fall of skin temperature for the main regions of the 
body surface was much the same in the working and resting state. We 
had thought that, on account of the large amount of heat produced in 
the lower extremities, the skin temperatures of this region might fall less 
rapidly under working conditions; but such was apparentl 3 ’’ not the case. 

It will be noted that, in general, the regional skin temperatures for the 
resting subjects were considerably higher than for the working subjects (the 
only exception being that of the upper extremities under cool conditions) . 
This is, of course, due to the higher evaporative heat loss of the working 
subjects. It may be noted that under very hot conditions the skin tern- 
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peratures of the resting subjects dip sharply down as their sweat secre- 
tion sets in. The individual regions of the body exliibit the same general 
trends in all cases. 

Rectal temperature, on the other hand, shows a marked difference be- 
tween the working subject and the resting subject, as indicated in figure 5. 



Fig. 5. Relation of general and regional skin temperatures, conductance, and 
rectal temperatures to operative temperatures. 


For resting subjects, the rectal temperature is in the neighborhood of 
36.9° at operative temperatures above 30° and falls to about 36.6° in a 
cooler environment. The rectal temperature of the working subjects, 
however, remains at about 3/. 6° thi’oughout the whole range of operative 
temperatures. A difference of 1° in rectal temperature is highly significant 
and is no doubt associated with the high metabolism of the working 
subject. 
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Evaporation and wetted area. The evaporative heat loss clcarl}^ repre- 
sents the mode of thermal adaptation to working conditions and the re- 
sults in tins respect are, therefore, of special interest. It will be noted 
from talile 6 that at operative tcmjieratures below 19°, evaporative heat 
loss is always relatively low (below 70 kgm.-cal.). Between 19° and 25° 
To it varies veiy widely (from 40 to 100) and apparently at random. 
Above 25° it is always high and rises steadily with further rises in To. 

The factor which governs the adaptive process of evaporation (Gagge, 
1937) is the degree of wettedness of the skin §urface (w,,). This factor 
again shows low values (under 20) below 19° To, and high and progressively 
increasing values above 25° To — with wide variations between 20° and 
25°. We were puzzled at first Iw tlie sharp and apparently meaningless 
variations in the middle i-ange — until it was noted that the low values had 
always occurred in winter, high values in summer. In the light of earlier 
studies (Winslow, Herrington and Gagge, 1938) which showed a seasonal 
variation in the efficiency of the evaporative mechanism tliis seemed to 
offer a reasonable explanation of the apparent discrepancies. In figure 6 
we have, therefore, plotted separately" the data for each subject at each 
season — with earlier data for resting subjects for comparison. 

It is clear from this graph that with both subjects 1TI and IX in winter 
the process of active sweat secretion in the working subject sets in at 
about 20° To. In summer, both subjects react more promptly (some- 
where between 16° and 20°) and at 20° have reached a fairly" high level 
of evaporative wettedness. For the resting subject, the onset of evapora- 
tive regulation is reached only" above 30°. At all points, subject IX (the 
leptosome) exhibits a higher evaporative rate than subject ATI. This 
is, no doubt, because the slender subject, when working at the same high 
metabolic rate as the stout subject, must balance the higher radiation loss 
of the latter. 

Sensations of comfort. At the close of each experiment, the subjects 
expressed their temperature sensations on a scale in which 1 represented 
“cold,” 2, “cool,” 3, “ideal,” 4, “warm,” and 5, “hot.” 

At operative temperatures below 15°C. the mean vote of both subjects 
was 1.5; at temperatirres between 15° and 17° it was 2.9; at temperatures 
between 17° and 22°— and also at temperatures above 22° — ^the mean 
vote was 4.1. Thus, the ideal sensation for the working subject was at 
about 16°C., as compared with 28° for the resting subject (Winslow, 
Henington and Gagge, 1937) . On the other hand, the sensation of thermal 
comfort for the working subject occurs at a slightly" lower slcin temperature 
(31.3°) than for the resting subject (32.8°). Thus, it appears that an in- 
crease of metabolism from 100 to 300 kilogram-calories is equivalent to 
a difference of 12° in operative temperature, so far as its influence on com- 
fort is concerned. 
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We present in figure 4 the mean values for four experiments at each of 
the three lower work rates and two experiments at each of the higher 
work rates, with respect to regional skin temperatures, rectal temperature, 
conductance and degree of wettedness. 

It will be noted that the skin temperatures of liead, upper extremities 
and lower extremities all rise slightl}'^ with increasing metabolic activity 
up to the fifth and highest metabolic rate, at which rate these temperatures 
fall slightly, apparently as a result of over-compensation due to veiy high 
evaporation. Trunk temperatures tend rather to fall with increased meta- 
bolic activity, very rapidly at the highest metabolic rate. This phenom- 
enon is undoubtedly related to the fact that this is the area of the body 
where evaporative cooling is chicflj* localized. Rectal temperature rises 
steadil}’- with increasing metabolism. Conductance rises (except at the 
fifth work rate) and sweat secretion (w,,) shows veiy great and progressive 
increase at metabolic activities above 200 kgm.-cal. 

SUMiALVRY OF CONCLUSIONS 

Study of the reactions of two unclothed male subjects pedalling on a 
stationary bicycle at such a rate as to increase their metabolism to over 
300 kgm.-cal. per hour revealed the following differences, as compared to 
earlier results obtained with similar subjects at rest in a semi-reclining 
position (with a metabolism of 80-100 kgm.-cal.). 

1. The radiation area is the same as that for the resting subject, ap- 
proximatel}’’ 70 per cent of the bodj’’ surface area. 

2. The convection constant for a subject sitting on the stationaiy bi- 
cycle but at rest is about 20 per cent less than that for the resting reclining 
subject, as a result of his more nearly vertical position. AWien the sub- 
ject is pedalling at a rate of some 30 revolutions per minute, the convection 
constant is greatly increased; and this increase (due to the movements of 
the bod}’’ and particularly of the legs) is equivalent in cooling power to an 
ah’ movement of 30 to 40 cm. per sec. Under these conditions, the general 
body build of the subject has little influence on convection loss. Further 
increase in pedalling rate does not change the constant materially. Air 
movement produces its usual influence, but since this effect of air (or body) 
movement varies with the square root of velocity, the actual effect of even 
rather high air movements (superimposed on that of body movements) 
is relatively slight. 

3. Increased sweat secretion, with consequent evaporative cooling, 
balances very perfectly the increased heat wliich must be dissipated as a 
result of high metabolism. The rate of sweat secretion increases three to 
five-fold for a tivo to three-fold rise in metabolism. Active sweat secretion 
sets in under conditions of winter adaptation at an operative temperature 
of 20° instead of at 30° ’ndth the resting subject. In summer the trigger 
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mechanism of sweat secretion is more sensitive and initiates active sweat 
secretion somewhere between 16° and 20°. At 21°C. To, the thermal 
reactions of the unclothed bodj’^ are in balance ’with a metabolism of 350 
kgm.-cal. 

4. Evaporative regulation in the case of the working subject operates 
so effectii^ely that skin temperature is held remarkabl}'’ constant, actually 
being lower — at a given To — for the working than for the resting body. 
With increasing metabolism at a given To, the sldn temperature of the 
trunk actually falls. Rectal temperature, however, rises appreciably under 
working conditions. It would seem, under these circumstances, clear that 
internal temperature — ^not skin temperature — must control the sweat- 
secreting mechanism. 

5. A thermal sensation of pleasantness is produced in the unclothed 
working subject (with a metabolism of 300-400 kgm.-cal.) at a To of 16°, 
instead of 28° with the resting subject. In both instances, maximum 
comfort is experienced about 2° below the point where active sweat secre- 
tion begins. 
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Asmussen and Chiodi (1) have reported that CO saturations ranging 
from 23 to 33 per cent have but slight effects on the circulatory and respira- 
tory systems of man. The possibility that higher saturations with CO 
would lead to responses differing in type or degree led us to extend these 
studies. Observations have been made on pulmonary ventilation, cardiac 
output and plasma pH in man and dog. The effect of CO on the respira- 
tory response to high CO 2 tension has been studied in man. 

Haldane (7) was one of the fii’st to study by self-experiment the effects 
of CO poisoning. His report, that a hyperventilation began at about 35 
per cent saturation, is not in harmony with the clinical observations of 
Sayers et al. (13) and of Hayhurst (8) that CO poisoning does not influence 
respiration. However, Haggard and Henderson (6) found that in dogs 
50 per cent or more saturated with CO there was sufficient hyperventilation 
to induce an alkalosis and a decreased blood alkali. Sectioning of the vagi 
prevented both these responses. Theil (16) also noted a hyperventilation 
in dogs but his data showed large and unexplained variations. The arterial 
CO 2 and pH both decreased, indicating a state of partially compensated 
acidosis. While Kamei (10) confirmed the occurrence of acidosis in rabbits 
and dogs, hyperventilation was not a constant feature, being present 
only when the concentration of CO in the inspired air was high. 

The influence of CO on the circulatory system has received slight atten- 
tion, Miura (11) found that in*'rabbits the cardiac output increased and 
the arterio-venous O 2 differences decreased with increased CO saturation 
of blood. In man, Asmussen and Chiodi (1) found only a slight increase 
of the cardiac output with CO poisoning ranging up to 33 per cent. 

Method. The procedure followed was similar to that previously de- 
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scribed (1) except that instead of breathing a CO-O 2 mixture in a closed 
circuit of small volume, a mixture of 0.15 to 0.35 per cent CO in air was 
inspired from a 600-liter Ti.ssot. Since poisoning by this method was 
more gradual, we were able to obtain successive observations on ventilation, 
cardiac output and CO of venous blood. The details are as follows: 

The subject, in the basal .state, lay on the bed for approximately one 
hour before determinations were begun. Basal O 2 consumption, ventila- 
tion, pulse rate and blood pressure were recorded and arterial blood for 
pH was obtained. A basal cardiac output was then determined by Groll- 
man’s method. 

The subject then began inspiring the CO-air mixture, or air alone, from 
the large gasometer, it being necessary to interrupt this only while making 
the observations on cardiac output. The total time during which the 
mixture was inhaled was never less than 70 minutes. The subject remained 
connected to the Tissot while the foregoing observations were repeated 
from one to three times during this period. 

The procedure for determining the effect of CO on the respiratory re- 
sponse to CO 2 was as follows: 

Pulmonaiy ventilation was measured breathing au’ and air-C02 mixtures. 
The subject was then given CO from a closed circuit filled with a CO-O 2 
mbeture. After 10 minutes ventilation was again measured using air and 
then the air-C02 mixture. The usual observations were made and samples 
of blood were taken for CO determination immediatelj’’ before and after 
the final period of breathing the CO 2 mixture. 

Experiments were also performed on dogs trained for metabolic observa- 
tions. In the morning, after a fast of 16 hours, the unanesthetized dog was 
placed on a table and fitted with a leather mask over his muzzle. Lanolin 
and a rubber bandage made the mask airtight. The flow of inspired air 
from outdoors and of expired air into a gasometer was regulated bj'' means 
of light rubber valves. Heart rates were recorded continuously by a 
Guillemin cardiotachometer.- The cardiac output was determined 
utilizing the Fick principle. Mixed venous blood was obtained from the 
right heart and arterial from the femoral arteiy. The procedure followed 
before and during the CO poisoning was similar to that used in the human 
subjects. 

The methods of analysis employed have been previously described (1). 
The details of the determination of pH are to be found in the paper by Dill 
et al. (5), with the difference that the corrections for unsaturation were 
made on the basis of available hemoglobin capacity rather than on total 
hemoglobin capacity. The total hemoglobin was determined by saturating 
the blood mth CO and analyzing it in the Van Slyke apparatus. Total 
ventilation -was reduced to 0°C., 760 mm. Hg and diyness for calculating 

* Manufactured by Victor Guillemin, Jr., 68 Jason St., Arlington, Mass. 



BESPIEATOBY AND CIBCULATOBY BESPONSES TO CO 685 

the metabolism, and to 37°C., prevailing barometric pressure and complete 
saturation for estimating the minute ventilation. 

Results on dogs. The data on two Irish terrier bitches each weighing 
approximately 9.5 kgm. are shown in table 1. Lady had the same lung 
ventilation during CO poisoning as in the averaged control experiments, 
even though the saturation exceeded 50 per cent. In her the plasma pH 
showed a shght acid shift. In Dee the pH change was more pronounced. 
However, the lowest pH, 7.13, was found following a period of vomiting 
induced by the poisoning. 
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Respiratory and circulatory effects of CO poisoning in dogs 
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There was a decrease in the average arterio-venous O 2 differences with 
higher CO. Although the cardiac output seemed to increase progressively, 
there was a rather abrupt rise when the hemoglobin saturation with CO 
exceeded 35 to 40 per cent. In three experiments on Dee with CO satura- 
tions of 35 to 38 per cent, the cardiac output ranged from 1.8 to 1.9 liters, 
but jumped to 2.6 liters when the HbCO was 41 per cent. 

The blood lactates were within the normal range whenever determined, 
vdth only one exception. The heart rate tended to increase with a greater 
saturation of hemoglobin with CO. 

Results on men. The four subjects were F. C., 28 years, 173 cm., 88 
kgm.; S. H., 29 years, 162 cm., 74 kgm.; H. C., 33 years, 170 cm., 77 kgm.; 
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B. C., colored, 21 years, 170 cm., 64.5 kgm. The fir.st three were subjects 
for one set of experiments, and the third and fourth for the other. liMien 
subjected to CO, the ventilation of H. C. decreased slightly (see tables 
2 and 3). In F. C. no consistent differences were obseiwed, and S. H. 
showed no respiratory response. The alkali reserve (T^o), measured on 


TABLE 2 

Arterial blood during CO poisoning in man 
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6.3 

97.3 

Recoveryt 



2 

7.2 

47.5 

41.9 

54.1 

7.37 

19.3 

0 

97.7 





6.9 

47.8 


55.2 

7.39 

20.6 

7.2 

90,7 

Recovery 



3 

7.0 

46.3 

46.3 

52.4 

7.31 

19.4 

0 

97.1 





6.5 

46.7 

45.1 

53.2 

7.33 

19.9 

4.6 

98. 3 

0.15% CO in airt 



4 

6.9 

47.6 

42.8 

54.2 

7.36 

19.6 

0 

96.6 






47.4 

45.6 

54.1 

7.33 

20.0 

9.8 

97.4 

0.3% CO in air 



5 

6.6 

48.1 

39.3 

55.1 

7.40 

19.1 

0 

95.7 





6.9 

47.4 

43.7 

54.0 

7.35 

19.8 

9.2 

95.2 

0.3% CO in air 

F. 

C. 

1 

8.2 

47.2 

43.8 

53.8 

7.34 

19.8 


95.7 





7.5 

47.0 

48.9 

53.6 

7.29 

20.8 


97.0 

0.3% CO in air 



2 

6.6 

48.9 

40.0 

55.9 


19.2 


96.1 

0.3% CO in air 




6.9 

47.6 

43.9 

54.2 

7.35 

19.5 

9.5 

98.5 



3 

6.7 

46.4 

43.8 

52.8 

7.35 


0 

96.3 

0.2% CO in air 





46.6 

44.9 

53.1 

7.33 

19.9 

3.4 

97.7 


* Total CO2 content of the arterial blood when pCOs is 40 mm.Hg. 
t Blood drawn 10 minutes after the end of the rebreathing period. 

$ Blood drawn while the subject was breathing the mixture. 


several occasions in H. C. and F. C., was within the usual range preceding 
and during the poisoning. This implies that no lactic acid or other fixed 
acid accumulated. Blood lactates, determined in most cases, were always 
low. The PCO 2 was elevated when the subjects had high CO concentra- 
tions. In all such cases the shift in pH was toward the acid side: this 
clearly depends on a depressed respiratory function. In two experiments 
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with moderate CO poisoning, the pCOa showed a slight decrease and the 
pH a slight increase. 


TABLE 3 


Respiratory, metabolic and circulatory effects of acute CO poisoning in man 


SUBJECT 

EXPEBI- , 
MENT 
NO. 


O2 USED 

A-V O: 

Birr. 

CARDIAC 

OUTPUT 

PULSE 

RATE 

BLOOD 

PRESSURE 

HbCO 

REMARKS 



1 . per 

cc, per 

cc. 

I. per 


mm. 

% 




min. 

min. 


min. 





H. C. 

1 


221 

56 

3.9 

61 


0 





218 

42 

5.1 

76 

1 


41 

Recovery 


2 


221 

56 

3.9 

58 


0 





246 

42 

5.8 

87 

120/80 

35 

Recovery 




246 1 

i 

46 i 

5.3 1 

78 1 

i 

32 

Recovery 


3 


239 

55 

4.3 

62 


0 





240 

40 

5.9 

98 


42 



4 


240 

55 

4.3 

68 


0 




6.8 

261 

43 

5.9 

103 


52 



0 

7.1 

240 

62 

3.8 

64 

96/72 

0 




6.8 

242 

59 

4.1 

70 


16 




6.9 

238 

40 

5.8 

81 


32 




6.8 

242 

43 

5.6 

92 

106/64 

45 



6 

5.9 

230 

61 

3.7 

62 


0 





230 

59 

3.8 

62 


0 





230 

60 

3.8 

62 


0 



7 

6.0 

225 

55 

4.0 

61 

124/84 

0 




5.9 

219 

53 

4.0 

70 

116/78 

23 




5.8 

231 

45 

5.1 

80 

118/78 

43 



8 

5.9 

230 

55 

4.1 

65 

108/76 

0 




5.9 

220 

53 

4.0 

72 


25 





228 

50 

4.6 

76 


30 




5.4 

228 

45 

4.9 

82 

107/68 

1 39 



9 

6.1 

235 

62 

3.7 

64 

102/74 

0 




6.0 

226 

50 

4.5 

76 

108/74 

31 



10 


228 

55 

4.0 

66 

106/74 

0 





218 

42 

5.1 

79 

106/72 

33 



11 


221 

53 

4.1 

67 

104/72 

1 0 





221 

54 

4.0 



0 





223 

38 

5.7 

76 

108/74 

32 
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TABLE Z-Concludcd 


SUIJJECT 

EXrEKI- 
M ENT 
NO. 

H 

Ol USED 




HLOOn 

PKEnSUJlE 

IlbCO 

REMAUKS 



i. per 

cc. per 

CC. 

/. per 


ynm. 

C* 




min. 

min. 


min. 





F. C. 

1 

G.G 

277 

46 

6.2 

69 


0 




1 G.9 

1 1 

287 

36 

7.9 

82 


48 



2 

■Q 

277 

57 

4.7 

66 


0 





276 

40 

6.7 

70 


35 



3 


273 

53 

5.1 

65 

120/82 

0 





267 

46 

5.7 

74 

112/78 

28 






45 

5.9 


114/82 

34 




7.4 

269 

44 

6.0 

86 

132/92 

43 



4 

G.7 

269 

53 

5.0 

66 

114/80 

0 




G.7 

269 

50 

5.3 

73 

120/90 

17 




7.2 

274 

57 

4.6 

68 

114/90 

22 




G.9 

268 

58 

4.5 

78 

120/90 

27 



5 

G.7 

267 

48 

5.4 

62 

114/88 

0 




6.4 

266 

51 

5.1 

62 

116/84 

0 




6.4 

267 

46 

5.7 

82 

116/80 

41 



6 

6.0 

270 

55 

4.8 

63 

114/80 

0 




5.9 


51 

5.1 

63 

116/82 

0 




G.2 

266 

51 

5.2 

63 

118/86 

0 




5.8 

263 

54 

4.8 

62 

118/86 

0 


S. H. 

1 


252 

50 

4.9 

61 

112/88 

0 





257 

52 

4.8 

62 

102/72 

0 





252 

58 

4.2 

60 

104/74 

0 



2 


234 

57 

4.0 

59 

120/89 

0 





233 

55 

4.2 

68 

114/84 

22 





238 

49 

4.7 

69 

126/80 

32 





250 

46 

5.3 

73 

114/82 

41 



3 


226 

i 57 

3.9 

56 

110/80 

0 





229 

56 


62 

110/80 

0 





235 

56 

4.1 

60 


0 



4 

6.0 

225 

54 

4.1 

61 

120/94 

0 




6.3 

229 

52 

4.3 

64 

126/90 

23 




6.1 

227 



72 

124/92 

34 




6.4 

229 

50 

4.5 

76 

120/92 

42 



5 

5.8 

224 

1 

50 

4.4 

60 

110/86 

0 




5.7 

217 

52 

4.1 

62 

116/86 

24 




6.3 

252 

49 

5.0 

74 

122/84 

35 




5.7 

229 

40 

5.6 

84 

116/78 

44 
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In three subjects the average arterio-venous O 2 differences remained 
vithin the usual limits of day-to-day variations. Control determinations 
were made before each experiment. Thi-ee or more control determinations 
of the arterio-venous O 2 differences done dining one day showed only 
slight changes. The A-V O 2 differences in the tlnee subjects showed a 

JOOHbOa 


Hb+ HbOz 



Fig. 1. Oxygen dissociation curves calculated according to Stadie and Martin in 
the presence of different percentages of HbCO. 


moderate, progressive decrease when the concentration of CO in the blood 
was over 30 per cent. Therefore, the cardiac output increased, since the 
O 2 consumption remained unchanged. The increase in cardiac output was 
over 20 per cent, but not higher than 50 per cent, ivhen the HbCO reached 
values of 40 per cent or over. With HbCO concentrations below 30 per 
cent, the changes in output were negligible. The pulse rate was increased 
when great amounts of HbCO were in the blood. The blood pressure also 
showed some elevation, although this was not a consistent finding. 
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Four oxygen dissociation curves, corresponding to 0, 20, 40 and 60 per 
cent HbCO, have been calculated according to Stadie and Martin (15) 
and are shown in figure 1, The values for the constants in the Stadie- 
Martin equation that most nearly accord with our dissociation curve for 
normal human blood arc N= —2.26 and log Kqi = —3.21. Using these 
figures, the average venous p 02 can be estimated with greater facility, as 
the following example will show (table 5). When the hemoglobin is 20 
per cent saturated with CO, the available hemoglobin is 15.6 volumes per 
cent instead of 19.5. If the oxygen utilization is 5,3 volumes per cent, 
.subtraction of this value from 15.6, and extending the value so obtained 
(10.3) to the corresponding oxygen dissociation curve, the venous p02 is 
found to be 27 mm. 

The effect of CO hypoxemia on the excitability of the re.spirator}'- center 
was studied in two subjects (table 4). Concentrations of CO 2 in the 
inspired air varied from 1.8 to 5.2 per cent. The increase in ventilation 
as brought about by CO 2 is shown in terms of differences from the basal 
determination (2nd column). The third column shows the differences 
in ventilation obtained after the subject had been poisoned with CO. 
The two values for per cent of HbCO were obtained before and after the 
second period of CO 2 breathing. In each subject poisoned with CO, CO 2 
produced less hyperventilation than in control experiments. 

Discussion. Our observations and those of Asmussen and Chiodi (1) 
on man do not confirm the results of Haggard and Henderson (6) that 
dogs respond differently to CO while being poisoned than during recoveiy 
while breathing air. In contradiction to the findings of other investigators 
(6, 7) in both man and dog, no hyperpnea was evident, even though the 
concentration of HbCO in blood reached 52 per cent. Our results are in 
agreement with the clinical findings of Sa 3 ’^crs et al. (13). Perfusion of the 
carotid body by Comroe and Schmidt (3) showed that as long as the arterial 
PO 2 remained sufficientlj^ high no hjqierpnea occurred despite reduction 
of oxygen content b 3 '’ CO. There is no reason for supposing that the 
arterial p02 is much reduced b 3 '^ CO poisoning. The elevation in arterial 
PCO 2 implies a slight reduction in alveolar pOo, but this difference, perhaps 
5 mm., would not reduce the arterial p02 below 75 or 80 mm. Hg. Since 
an increased pC02 coupled with a decreased pH ordinarily stimulates the 
respiratoiy center, the failure to observe hyperpnea in our experiments 
can only lead to the conclusion that the center was depressed. The failure 
of a given concentration of CO 2 in inspired air to induce as great an increase 
in ventilation in the hypoxia of CO poisoning as in the normal state is 
additional proof of depression. Dill and Zamchek (4) have shown that in 
a hypoxemia induced by breathing low oxygen, COo has the opposite effect, 
i.e., an augmentation of the response to CO 2 . These effects indicate that 
the chemoreceptors are essential in man to a potentiation of a hyperpnea 
when the arterial p 02 is low. 



BESPIKATORY AND CIRCULATORY RESPONSES TO CO 


691 


There is much experimental evidence (14) that when the chemoreceptors 
of the carotid and aortic bodies of dogs are inactivated, hypoxemia de- 
presses the respiratory center. So it appears that in man the depressant 

TABLE 4 


CO 2 hyperventilation in CO poisoning 


SUBJECT 

EXPEIIIMENT 

XO. 

CO 2 PERCENT- 
AGE 

Ai* 

Ast 

HbCOt 

H. C. 

1 

1.79 

1. per min. 

2.2 

l. per min. 

1.5 

% 

1 30-26 


2 

2.70 

3.5 

3.2 

41-38 


3 

3.35 

5.4 

4.1 

33-29 


4 

2.79 

3.8 

2.7 

32-27 


5 

4.87-5.09 

10.7 

10.1 

34-26 


6 

3.21 

5.0 

4.5 

16-13 

B. C. 

1 

3.18 

4.4 

4.3 

0 


2 

3.08 

3.4 

3.8 

13-11 


3 

3.10 

4.0 

3.0 

33-29 


4 

3.08 

4.1 

3.3 

31-27 


5 

5.22-5.03 

13.5 

12.2 

32-24 


* Ai = difference between normal ventilation and hyperventilation induced by 
COs. , 

t As = difference between ventilation breathing air and hyperventilation induced 
by COs when subject is poisoned. 

t Measured immediately before and after breathing COo-air mixtures. 

TABLE 5 


Venous p02 as estimated from O 2 dissociation curves of figure 1 



MAN AT 
REST 
WITHOUT 

CO 

AT REST 
■WITH 20% 
HbCO 

AT REST 
■WITH 40% 
HbCO 

JIAN IN 
MODER- 
ATE WORK 
WITHOUT 

CO 

IN MOD- 
ERATE 
WORK 
'V\^TH 20% 

CO 

Arterial HbOj, vols. % 

19.0 

15.2 

11.4 

19.0 

15.2 

O 2 transport, vols. % 

5.3 

5.3 

4.5 

9.9* 

9.3* 

Venous HbOo, vols. % 

13.7 

9.9 

6.9 

9.1 

5.9 

,, . ,. 160 HbO, 

Venous saturation — . ^ 

Hb -b HbOa 

68.5 

62.0 

57.5 

45.5 

36.9 

Venous pOo, mm. Hg 

37.0 

27.0 

20.0 

24.0 

17.5 


* As determined by Asmussen and Chiodi (1). 


effect of CO on ventilation is similar to that produced by ordinary hypoxia 
in animals with denervated carotid and aortic bodies. The carotid and 
aortic bodies have an arterial flow so abundant that their pOo is essentially 
arterial. Since they depend for their stimulation upon the p02, they are 
not stimulated in the hypoxia of CO poisoning. 
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In agreement with most investigators, except Haggard and Henderson 
(6), a shift toward an acid pH was found. Tlie allcali reserv'e (T^o) was 
not appreciably altered. This is to be expected in view of the unchanged 
blood lactate and the brief periods of hypoxia, which lasted slightly over 
an hour. The lack of a hyiDcrpnea with an acid pH makes it difficult to 
believe that there is a simple relation between pH and ventilation. 

Circulation. The arterio-venous O 2 dilTercnces decreased and the 
cardiac output increased after the CO concentration exceeded 30 per cent. 
The failure of Asmussen and Chiodi (1) to obseive any significant increases 
during CO poisoning can be explained by their use of lower concentrations, 
ranging from 23 to 33 per cent. These effects of CO poisoning on the 
cardiac output are comparable to observations made during the anemias. 
Nielsen (12) followed the cardiac output during treatment of a patient 
suffering from pernicious anemia. The increase in arterio-venous O 2 
difference occurred concomitantly with the increase in hemoglobin. Simi- 
lar obseivations were made by Blalock and Harrison (2) on both acute 
and chronic types of anemia produced in dogs. An outgrowth of these 
and other experiments was the hypothesis that the capillary or tissue O 2 
pressvu'e might be an important factor in the regulation of the output of the 
heart. Our present experiments tend to confirm this hypothesis. The 
r61es played by the increased pulse rate and by the vasonjotor reaction in 
giving an increased cardiac output still remain to be elucidated. 

While the hypoxemia of CO poisoning affects respiration and circulation 
much like simple anemia, its internal action is more severe because of the 
greater reduction in the PO 2 within the tissues. Stadie and Martin (15) 
have shown that, as a result of the shift of the oxygen dissociation cmwe 
to the left during CO poisoning, there is a diminished partial pressure of 
O 2 in the tissues when compared to conditions in anemia. 

Our measurements of the arterio-venous oxygen difference and of the 
cardiac output have enabled us to estimate the magnitude of this effect 
in various stages of CO poisoning. The calculated curves (fig. 1) illustrate 
this clearly. 


SmiMARY 

1. No hyperpnea was obseiwable during rest in either dogs or Bi^n 
when subjected to acute and severe CO poisoning. The CO 2 combining 
capacity was unchanged, the arterial pCOo was increased, and accordingly 
the pH was shifted toward the acid side. 

2. In severe CO poisoning the respiratory center was depressed. 

3. The cardiac output showed no more than slight increases with HbCO 
saturations ranging up to 30 per cent. From that level up to 50 per cent 
HbCO the cardiac output increased as much as one-half.' 

4. The direct action on the respiratory center of the acute hypoxemia 
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produced by CO poisoning that is severe yet compatible with life is purely 
depressive in nature. 

5. From the data given the ox 5 ^gen tension in venous blood can be cal- 
culated for various levels of HliCO. 
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Physiologists long have felt that in the modification of physiological 
activity resulting from temperature changes they possess a valuable means 
of acquiring information relative to the problem of tissue functioning and 
it is a tool that has frequently been emploj-ed to this end. In the case 
of medullated nerve fibers the interpretation of certain of the effects of 
temperature is complicated by the congregation in nerye trunks of fibers 
of different chai-acteristics. To ob^^ate this complication ve have, for 
some years, been stud^dng the responses of single axons and now are 
presenting observations we have made on the effects of temperature on 
aspects of nerve response that require axon spikes for their interpretation 
or that can be studied advantageouslj’" by means of single axon spikes. 

Methods in general. The neiwe used has been the branch of the 
peroneal suppljdng the medial aspect of digit IV of Rana -pipiens. Prep- 
arations were discarded that did not contain a fiber of outstandingly high 
excitability, and observations were confined to the responses given by 
that fiber. 

Stimuli were condenser discharges initiated by a gas discharge tube 
activated through a delay circuit by the sweep of the cathode raj’^ tube. 
The condensers available ranged between 0.1 and 0.5/iF. Shock strength 
was controlled potentiometricaUy by a Leeds-Northrup Kohlrausch slide 
ware with 100 scale dhnsions readable to 0.1 di^dsion. 

Thi-ee methods for altering the temperature have been employed. In 
some of the experiments the changes involved the moist chamber and all 
of its contents. In other experiments the temperature of the nerve was 
altered locally where it was in contact with one or the other of the pair 
of stimulating electrodes. These were calomel half-cells so designed (Blair, 
1938) that Ringer’s solution could be circulated thi’ough them. The solu- 
tion entered the upper orifice of the electrode (fig. 1) and issued via the 
horizontal, terminal, slit-like orifice which is crossed vertically by the 
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nei-ve. The rate of flow of the solution could be adjusted so as to give 
the haK-cell the desired temperature. The flow Avas rather rapid and the 
temperature of the fluid was taken immediate^ before its entrj’’ into the 
electrode. When the temperature of the solution differed widely from 
that of the chamber the temperature at the orifice of the electrode may 
have differed by a fraction of a degree from the recorded temperature. 
The outflowing solution drained back awa}*^ from the nerve along the 
lower edge of the electrode, after coming .into contact with about 2 mm. 



Fig. 1. Illustrating tlie arrangement of electrodes on nerve and method of changing 
temperature of nerve locally, in this case at the stimulated locus, P. The cross- 
hatching of electrode P indicates the contents of all electrodes : the lower level con- 
tains mercury and an emulsion of calomel and mercury; the upper level consists of 
Ringer solution. The solution that determines the local temperature takes the 
course indicated by the arrows and dotted line. 

of the nerve’s length immediately below the electrode. The flow produced 
not the slightest disturbance in contact, at least none that could be recog- 
nized Avhen the electrode was the ground lead into the amplifier and am- 
plification was maximal (about 2 mm. per nY). In this, the second of 
the cooling methods, the chamber was at room temperature while the 
nerve in contact with the half-cell was cooled. In the third method the 
chamber temperature was held constant at the low leA'-el while the tem- 
perature of the half-cell was raised to that of the room, Avhen desired, 
by a continuous flow of the solution. The temperature of the chamber 
was taken at the level of, and close to, the nerve. 



696 


GORDON M. SCHOEPFI^E AND JOSEPH ERLANGER 


The effect of temperature on excitabilitt. The electrical excita- 
bility of nerve as affected b}’- temperature is a much studied subject. The 
earlier observers, using induction shocks as stimuli, concluded that cooling 
lowers excitability. Then it was reported by Gotch and Macdonald (1896) 
that when precautions are taken to circumvent the resistance changes of 
nerve caused b}^ the temperature changes the result obtained upon cooling 
depends upon the “kind” of current emploj^ed: induction shocks disclosed 
a lowering of excitability, whereas constant current pulses longer than 
5 msec, in duration, and condenser discharges, disclosed a raising of ex- 
citability. However, it was soon shown by Waller (1899) and b\' Lapicque 
(1907) that these differences are referable to the duration of the electrical 
currents employed as stimuli; currents of shorter duration decrease in effec- 
tiveness as the nerve is cooled, whereas currents of longer duration 
increase in effectiveness. 

Method. Under the conditions of our experiments, the .shocks employed 
by us for stimulation attain maximum height in loss than 0.1 msec., and 
fall to one-third height in about 0.60 msec, (see fig. 2). The latter value 



Fig. 2, Record (reproduced in photographed size) showing the configuration of 
the stimulating current. Time in 0.1 msec. 

roughty approximates that of the spike at room temperature. If propaga- 
tion and transmission of nerve impulses are 63’' an electrical process the 
results olDtained through the use of such a shock in temperature experi- 
ments should resemble somewhat those elicited 63'’ action potentials. 

Results. Tested with these shocks, cooling a nerve invariabU has 
raised its threshold. This i*esult has not in our experience been altered 
by varying the resistance in the stimulating circuit, whether this was 
accomplished 63’’ adding resistance in series (up to as much as 1 megohm) 
or b3^ varying the length of rrerwe subtended by the stimulating electrode 
through alteration of the position of the anode. 

It can be shovm, moreover, that the variation in the amount of current 
necessarA^ to stimulate is the result primarily of the effect of temperature 
on excitabilit3’’, rather than on resistance. Thus cooling onl3’’ the region 
of the anode is without an3’' appreciable effect on the threshold when, 
under similar conditions, cooling the cathode region produces the effect 
that is elicited thi'ough cooling the entire nerve. 

The results of one of these experiments, carried out under the arrange- 
ments showm in figure 1, are collected in table 1. There it can be seen 
that upon cooling the nerve stretch that is in contact with the proximal 
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electrode, P, the threshold is raised when that electrode is the cathode, 
and not altered materiall 3 ’' when that electrode is the anode. The results 
obtained when the distal electrode, D, is cooled are always verj^ much 
less striking and they are variable. This variability is referable, we be- 
lieve, to the relation the cooled stretch at D bears to the stretch of nerve 
polarized (P-D), the latter being mainly central to the former. However 
this may be, the results derived with P as the conditioned electrode are 
conclusive in themselves: any resistance change produced bj’’ the tem- 
perature change must be the same whether electrode P is cathode or anode. 

TABLE 1 


Effect of cathode or anode temperdlrire on thresholds 


RELATIVE 

THRESHOLDS 

TEMPERATURE 

CATHODE PROXIMAL 
(p) OR DISTAL (d) 

CHANGE IN 
THRESHOLD 
™i-COI,D gg 

WARM 

At cathode 

At anode 

scale divisions 

°C. 

°C. 



592 

22 

22 

D 


5S2 

10 

22 

D 

-1.7 

567 

22 

22 

D 

4-2.6 

586 

22 

22 

P 


575 

22 

10 

P 

-1.9 

575 

22 

22 

P 

0 

608 

22 

22 

P 


710 


22 

P 

+16. S 

655 

22 

22 

P 

+9.2 

705 

10 

22 

P 

+9.2 

657 

22 

22 

P 

+8.8 

622 

22 

22 

D 


636 

22 

10 

D 

-0.9 

636 

22 

22 

D 

0 


Since the threshold changes only when it is cathode the change in threshold 
must be due primarily to the effect of the temperature on excitability. 

In other experiments the temperature of the entire nerve was altered 
and determinations were made of the amount of current needed to stimu- 
late with different interelectrode distances. Usually three electrodes were 
arranged on the nerve for stimulation. The electrode proximal with re- 
spect to the leads was cathode and in successive trials one or the other of 
the distal electrodes was made anode. In a crude way this procedure 
simulates that used by Rushton (1934) and by Cole and Hodgkin (1939) 
in determining separately the membrane and protoplasm resistance of 
nerve. They found that the slope of the resistance-versus-separation 























698 


GORDON M. SCHOEPFDE AND JOSEPH ERLANGEH 


curve is large for small electrode separations, but becomes smaller and 
finally constant as the separation increases; that “at 8 mm. the relation 
becomes constant with a gradient equal to the parallel resistance of 
the core and of the external fluid.” 

Under the conditions of our experiments the relation between electrode 
separation and the voltage necessarj' to stimulate becomes practically 
linear at about o mm. separation of the electrodes (see fig. 3). Of present 



Fig. 3. Threshold vs interelectrode distance (resistance), the latter varied^ bj’ 
altering position of anode of stimulating circuit. The sequence of the determina- 
tions and the temperatures are as indicated. 

At the greater interelectrode distances the slopes of the curves are the same at the 
different temperatures. 

interest, however, is the observation that be 3 ’'ond that separation, i.e., 
bejmnd 5 mm., the slopes of the curves are the same for different tem- 
peratures vdthin the range tried, namelj’', 8° to 23°C. This result sigmfies 
that temperature alters excitabilitj’^ practicallj’’ entireh’^ tlirough action on 
the membrane, or at least through action on the excited locus, and not 
perceptibly on the longitudinal resistance or on inactive nerve. 

The effect of temperature on spike height and shape. In a study 
of the effect of temperature, Gasser (1931) has employed as the “axon spike 
potential” the multifiber record obtained through stimulating the sciatic 
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nerve of the frog with shocks submaximal for the A elevation while leading 
about 4 mm. from the stimulating cathode. Though under these circum- 
stances many axon spikes contribute to the record, he found no temporal 
dispersion even when conduction involved the entire length of the nerve 
provided threshold fibers alone were stimulated. To ‘‘eliminate the di- 
phasic artifact” and associated difficulties he killed the nerve “as close 
as possible to the active lead” and “then the observations were made 
promptly before deterioration of the end of the nerve or partial reformation 
of the new plasma membrane. . . Under these circumstances he found 
that cold prolonged proportionally both the ascent and the descent of the 
spike and decreased its amplitude. 

Method. We have met in another way the conditions specified by 
Gasser. In our final experiments we have used only those preparations 
the most excitable fiber of which transmitted impulses the entire interlead 
stretch, that is to say, only those jdelding an action potential which ini- 
tially was completely diphasic. Then the record was made monophasic 
by circulating isotonic KCl through the electrode acting as the distal lead, 
and the effect determined of changing the temperature of the nerve under 
the proximal lead, the rest of the nerve remaining at the temperature of 
the chamber (room temperature). 

Failure to take these precautions accounts, we believe, for some varia- 
bility encountered in the earlier experiments (to be referred to below). 
If initiallj’’ the record happens to be monophasic, or nearly so, because of 
some fortuitous injury between leads, it tends with the lapse of time to 
become somewhat, and often unrecognizably, diphasic. Moreover, if this 
injured locus between leads happened to lie outside the range of action 
of the KCl applied through the distal electrode, the application of the 
KCl would not eliminate that diphasicity, and it might then go wholl 3 ’- 
unrecognized. 

In determining the effect of temperature on the height and configuration 
of the spike of a single fiber it is essential that the recording mechanism 
be sufficiently quick to record the spike accuratel 3 ^ To test our mecha- 
nism a rectangular current was passed through the digital nerve via two 
calomel half-cells acting as electrodes. The lead into the amplifier was 
via two other calomel half-cells placed, about 6 mm. apart, on the nerve 
between those through which the current was applied. The recorded de- 
flection attained 95 per cent of maximum in 0.16 msec. Since the fastest 
spike recorded in this investigation has had a time to maximum of 0.27 
msec., and since the time to maximum at the higher temperature usually 
has been longer than 0.4 msec, and at the lower temperatures often as 
long as 0.8 msec., it is certain that the spikes have not been measurably 
distorted in the recording. 

Results. Employing the precautions described' above, cold invariably 
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has prolonged the descent of the spike more than the ascent and has increased 
the height of the spike; consequently it has increased enormously the area 
of the spike. 

A typical experiment may he described. It is illustrated in figure 4, 
and the data are included in table 2 (expt. 5/2.3). Stimulation is indicated 
by the shock artifact. The intcrlcad distance was 1.25 cm., which happens 
in this case to be the conducting distance, also. A and B are pictures 
obtained Avhen the recording was frankly diphasic, A while the whole nerve 
was at the uniform temperature of 2G°C., B wliile the neiwe in the imme- 
diate vicinity of the proximal lead electrode was cooled to 8°C. The 

TABLE 2 


Effect of tcmpcralurc on spike configuration and height 


B 

INTER- 

LEAD 

DIS- 

TANCE 

CONDUC- 
TION RATE 
AT GIVEN 
TE.MPER- 
ATURE 

1 TEM- 
PERA- 
TGRE 

BPIKE ASCENT 

! SPIKE DESCENT 

1 

HEIGHT 

(relative) 

Duration 

Ratio 

Duration 

Ratio 


mm. 

1 Mhec, 

‘C. 

1 


imin 



5/15 

11 


25.1 

0.35 



HI 

IH 




9.0 

0.5S 

1.66 



WSm 


i 

i 

24.5 1 

0.39 

j 

1.49 





4 


24.9 



0.56 


100 




9.0 ] 


1.53 

1.06 

HI 

110 




25.0 

0.43 i 

1.35 

0.01 

mm 

102 

5/22 

16 


8 

0.68-1.15 


3.57-4.9 


107-121 



20 

25 1 

0.52 j 

1.3-2.21 

0.755 

4.73-6.49 

100 

.5/23 

12.5 


s 








26 

26 


1.41± 


4.1± 


5/24 

16 

■ 

8 



3.85 





27.6 

26 


1.6S± 

0.51 

7.54 



presence of a shock artifact introduces some uncertainty into the location 
of the starts of the spikes. Accepting as the starts points selected some- 
what arbitrarilj'', and allowing for some latencj’' of response, the conduc- 
tion time is found to be less than 0.50 msec, and the conduction rate, 
therefore, faster than 25 m.p.s., these with the entire nerve at 26°C. The 
interlead time, therefore, was slightly less than 0.5 msec. Since the time 
to maximum of the “warm” spike is 0.32 msec., its crest must have recorded 
at the proximal lead before the spike arrived at the distal lead; its ascending 
phase consequentlj'^ must have recorded without deformation. This con- 
clusion is confirmed by the fact that the height of the spike recorded at the 
proximal lead is not increased when, as will be explained below, it is pre- 
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vented from arriving at the distal lead (see fig. 4C) . Then the temperature 
of the nerve at the proximal lead was lowered to 8°C. wliile the rest of the 
nerve remained at 26°C. The cluef ob\dous result (B) is the prolongation 
of activity at the proximal lead; it now outlasts the process at the distal 
lead, so that the spike, as it affects the distal lead appears as a notch in the 
spike recorded at the proximal lead. Other minor changes referable to 
the temperature change are a, slight latening of the spike, and h, of the 
apex of the second phase, and c, broadening of the first elevation. The 
fh-st two of these effects are manifestations of prolongation of conduction 
time, — they are slight because only a few millimeters, at the most, of the 
neiwe’s length are subjected to the temperature change. 



Fig. 4. Records (reproduced in photographed size) showing the effect of tempera- 
ture on spike configuration (expt. 5/23, table 2). 

A, completely diphasic; temperature of proximal lead 26'’, of distal lead 26®. B, 
completely diphasic; temperature of proximal lead 8°, of distal lead 26°. C, com- 
pletely monophasic; temperature of proximal lead 26°, of distal lead 26®. D, com- 
pletely monophasic; temperature of proximal lead 8°, of distal lead 26°. 

The small initial peak is the beginning of the shock artifact. Conduction distance 
= 1.25 cm. The bracket subtends 1 msec. 

Having thus demonstrated that the fiber was conducting its full length, 
the recording now was made monophasic bj’' the method described above, 
and records were obtained at the same two temperatures. They are re- 
produced as C and D. Except for the absence of the second phase these 
records match perfectly those of the first set: cooling prolongs the descent 
of the spike much more than the ascent and increases the height of the 
spilce. 

The data derived in this way from four preparations are included in 
table 2. Since temperature coefficients of nerve acthdties are dependent 
in a measure on the level of the subtended temperatures (Gasser, 1931), 
we refrain from presenting our data in terms of coefficients. It will suffice 
to say that in the range within which we have w'orked, the prolongation of 
the descent by cold always has been more than twice that of the ascent; 
in one case it was 4.5 times as gi’eat. 

There are six other experiments, antedating those listed in the table, in 
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which initial complete diphasicity was not checked. In some of those 
experiments the stimulus was applied to the nerve at the proximal lead, 
in others at a remote point. In some the temperature of the entire chamber 
(of the entire preparation) was changed, in others the temperature at the 
proximal lead only. In some the nerve was killed b}’’ crushing, in others 
by the application of potassium chloride via the distal lead electrode. In 
all save one preparation cold increased the duration of the descent more 
than that of the ascent. In the case of the exception the ratio of the in- 
crease of the descent was 1.1, of the ascent 1.31; in other words, the ratios 
were alike within the limit of error. In view of the fact that there may have 
been a degi-ee of concealed diphasicity in all of these earlier records we are 
not assigning any .significance to this single exception to the rule. 

Cold increased the height of the spike in all cases. 

Cold is known to greath' enhance reflex activity of the spinal cord (see for 
example, Gnmdfest, 1941). Since cold increases spike height and duration 
these might be factors, along with others, such as the diminution of accom- 
modation b}' cold, contributing to the increased activity of the cord. 

The relation of the absolutely refractory period to spike dura- 
tion AT different temperatures. Method. The ideal method for the 
determination of this relationship would be to compare the duration of the 
spike at the lead with the refractoiy period at thatl ocus. It requires, how- 
ever, that there be at the lead only one fiber that will respond to a stimulus 
that is over 5 times as strong as the threshold of that fiber. Since tliis not 
apracticable condition, wehave resorted to the method, prewousty employed 
by us (Blair and Erlanger, 1933), of stimulating one of the trunks of origin 
of the sciatic and recording in the phalangeal branch the spike of an ade- 
quate single fiber, when there happened to be one. The objection to the 
method lies in the fact, mentioned above, that the refractoiy period deter- 
mined at one locus is compared with the spike duration determined at 
another. 

Results. Gasser (1931), employing a multifiber response, found that 
“the temperature coefficient for the absolutelj’’ refractoiy phase is very 
close to that of the spike, but tends to be slightbj^ larger, particularly in the 
lower temperature range.” 

Owing to the inadequacy of available methods, explained above, and 
since qualitatively w^e have obtained the same result as Gasser, ive have 
carried through only two determinations. The results of one of these are 
plotted in figure 5. There it is seen that at the high temperature the dis- 
crepancy is narrow, that it is wide at the lower temperatures. 

Here reference should be made to an observation, made in another place 
(Blair and Erlanger, 1933; also Erlanger in Erlanger and Gasser, 1937, 
p. 48), which casts some doubt on the value of these comparative deter- 
minations of the absolutely refractoiy period. In those determinations it 
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frequently happened, when dealing with fibers of low excitability, that the 
values for the absolutelj'^ refractor^’- period were larger than those for the 
relatively refractor^’' period. Such a state of affairs is, of course, wholly 
anomalous, and we consequently regarded it as an artifact produced bj'’ 
the very strong shocks needed under those circumstances. It still is pos- 
sible, therefore, that the prevailing view (Adrian, 1914) is correct, that 
spike duration and absolutely refractory period actually are coterminate, 
though this remains to be demonstrated. 



Fig. 5. Graph of a determination of the effect of temperature on the absolutely 
refractory period (circles) and spike duration (crosses). 


SUMMARY 

In observations made on the responses of single medullated fibers of the 
frog it is found that; 

o. Cold increases the current strength required to stimulate, mainly 
through the effect of temperature on excitability, the effect on resistance 
being inappreciable, — 

b. Prolongs both the ascent and the descent of the spike, but the descent 
much more than the ascent, and, — 

c. Increases the height of the spike. 

Reference is made to the possible relation of these effects to the en- 
hancement of reflex activity by cold. 
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When the most excitable fiber of a frog’s nerve is stimulated with 
threshold shocks of -uniform strength at relatively slow and regular rates 
not all the stimuli initiate conducted spikes. The range of shock strength 
between one that just fails ever to initiate any spikes and one that just 
suffices always to stimulate covered in om' pre-vious work about 2 per cent 
of the stimulating voltage. Associated with this “spontaneous” fluctua- 
tion in excitability there is a fluctuation in response latency. Vffien two or 
more fibers happen to have about the same thresholds and are responding 
to the same threshold stimuli their excitabilities and latencies fluctuate 
quite independently one of the other, an observation which proves that the 
phenomenon is not referable to um-ecognized fluctuations in the strength of 
the stimulus (Blair and Erlanger, 1933). 

All of these observations have been confirmed by Pecher (1936 ; 1937 ; 

1939) . In addition, Pecher has concluded, on the basis of a statistical 
treatment of the subject, that the fluctuations in excitability are com- 
pletely random, with the qualification that when the rate of stimulation is 
fast enough the exteriorization of the latency fluctuations may be modified 
by the resulting disbandment and facilitation (see Erlanger and Blair, 

1940) . Failing to obtain any clue as to their nature, Pecher concluded 
that the spontaneous variations are molecular in origin. 

On the basis of this inference one would expect exposure of the nerve to 
conditions which alter molecular perturbability to change correspondingly 
the range of the spontaneous alterations in excitability and that conditions 
which change the nerve’s excitability without alteiing molecular pertur- 
bability would be vdthout influence on the spontaneous fluctuations. Of 
influences belonging in the first category temperature might be expected to 
have a definite effect; and in the second categoiy one would expect to find 
local anode or cathode polarization and local treatment of the nerve with 
sodium citrate. This paper deals -Rath the ejffects of these agents, and also 
of strychmne, on the amphtude of the spontaneous changes in excitability. 
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Methods in generae. Observations have been made on the responses 
of single nerve fibers, emplojdng the technique described in the preceding 
paper (Schoepfle and Erlanger, 1941). Again, the nen’^e used has been the 
branch of tlie peroneal supplying the medial aspect of digit IV of Jlana 
pipieiis; and all preparations were discarded that did not contain a fiber of 
outstanding! .y high excitability and the observations were confined to the 
responses given by that fiber. Usable j)reparations are obtained in about 
30 per cent of the tnals. The finenc.ss of the digital ner\'e renders it partic- 
ularly favorable for observations on the action of chemical agents, owing to 
the promptness with which their action becomes manifest (Erlanger and 
Blair, 1938). 

Since the excitability of a fiber is constantly shifting in random fashion, 
though between certain limits, a single determination of the range is a time- 
consuming process, sometimes requiring several hundred stimulations (see 
below) ; and since under some of the imposed conditions it was difficult to 
hold the nerve in a constant state for any great length of time, determina- 
tion of the parameters of strength-duration curves was out of the question. 
Consequent!}’’, for test stimuli we have resorted to shocks with a temporal 
configuration veiy roughlj' approximating that of a nerve action potential 
(see preceding paper). 

The stimulation rate was constant during any set of observations, and 
usually about 1 per second. At the start of each set of determinations the 
sliding contact of the potential di\’ider was set in such a position that the 
maximum sensiti\dty would be available that was compatible .with the 
anticipated alterations in threshold, and then the resistance in the end coils 
was adjusted so that the selected position of the sliding contact was the 
threshold position. If, during the course of an experiment the amount of 
current necessary to stimulate happened to increase to the point where it 
exceeded the limits of the instrument thus set, all preceding data had to 
be discarded and the observations started again with another initial setting 
of the sliding contact. 

Since the spontaneous changes in excitability are relatively small it as 
essential to have adequately constant stimuli. Determinations of the 
variability of the stimulating voltage were made at frequent intervals dur- 
ing the course of each expeiiment, employing a gas discharge tube activated 
by the stimulus discharging through a loud speaker as indicator. The full 
voltage varied less than 0.66 per cent and in some cases as little as 0.24 
per cent. Since the full range of the spontaneous oscillations, when 
determined, has covered about 8 per cent of the threshold, it follows that 
variations of less than 8.3 per cent are, due to this source alone, within the 


range of error of the method 


/ 0.66 
\ 8 


X 100 


)• 


As a matter of fact, we do not 
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regard as significant any induced change that is less than 20 per cent, unless 
the sign of the change is constant in successive experiments.^ 

It is not, however, practicable to emplo3’- as a measure the full range of the 
oscillations. The reason for this can be made clear by considering the 
configuration of the curve of the relation between the per cent of the stimuli 
that elicit responses and the strength of current in per cent of the absolute 
threshold, the absolute threshold being the current strength that just fails 
ever to stimulate. Such a curve is reproduced in figure 1. In this case 
the range of shock strength between one that elicits no responses and one 
that never fails to stimulate amounts roughly to 8 or 9 per cent of the 
threshold. Since the curve is S-shaped, the extremes of the range are 



Fig. 1. Graph showing the relation between the probability of a response in per 
cent and the strength of the stimulus in per cent of the absolute threshold, assigning 
a value of 100 to the strength that just fails ever to stimulate. The horizontal lines 
subtend the part of the range measured, i.e., from 1 response to 6 shocks to 5 
responses to 6 shocks. 

difficult to determine experimentally. In the effort to minimize this 
difficulty we have adopted as end points the shock strength which elicits 
upon the one hand an average of one response in six stimulations, and upon 
the other five responses in six stimulations. Even so, the randomness of 
the variations necessitates long series of stimulations for each determina- 
tion. In the present instance the range between one response in six stimu- 

^ Alterations in configuration and duration of currents also modify their effective- 
ness as stimuli. These have not been controlled. In view of the fact, however, that 
when two or more fibers of the same threshold are responding to threshold stimula- 
tion there is no correlation between their responses, it may be justifiable to assume 
that shape changes of the shocks have not qualified the results obtained. 
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lations and five responses in six stimulations amounts to slightlj' over 4 per 
cent of the threshold stimulation strength. This is a relatively high “nor- 
mal” value, as may be seen in table 1 where the usual normals, as defined 
here and in the remainder of the paper, lie between about 2 and 4 per cent. 

The relative amplitudes of the oscillations under the different conditions 
of an experiment are given in each case bj'^ the two limiting readings, but 
only when the nerve’s resistance is not altered b}' those conditions. Any 
alteration of this resistance would cause an inversely proportional change 
in the value of the divisions of the potential divider. That is to say, if the 
resistance alone were to change, and not the oscillations in excitabilitj*, the 
“oscillation” ranges as read would be proportional to the “threshold” 
readings. 

Though this assertion is an obvious requirement of Ohm’s law when con- 
sidered in relation to the fact that it is current and not voltage that stimu- 
lates, experimental verification, nevertheless, seemed desirable. This was 
accomplished by determining the effect of var\ung the interelectrode resist- 
ance bj’’ shifting the position of the anode of the stimulating current along 
the nerve. To cite the results of such a determination, increasing the 
interelectrode distance from 9 mm. to 27 mm. increased the average 
“threshold” readings given by the potential divider from 553 to 807, and the 
average of the oscillations from 18 to 27. The ratios of the oscillations to 
the “thresholds” are 0.0307 and 0.0299, that is to sa}', thej’’ are the same. 

Since, then, the oscillation amplitudes as read will be proportional to any 
intercurrent resistance changes, and are proportional also to the real 
excitability range, the results of any imposed condition on oscillation ampli- 
tude require for their complete interpretation data on resistance. We have 
not, however, measured resistances and therefore must resort to recorded 
information, and this is scant, in discussing our results. It will be necessar}'' 
to assume that all changes in oscillations as read on the potential di^uder 
actually are due to changes in excitabilit}" unless there are reasons for be- 
lieving that the interposed conditions have altered in a known direction the 
nerve’s resistance. 

Anode and c.athode polarization. Methods. The threshold of the 
neiwe at the cathode of the stimulated locus has been raised or lowered by 
means of local anode or cathode polarization, respectiveb’’. Tliis was ac" 
complished by methods described elsewhere (Erlanger and Blair, 1936). 

Restdis. Anode polarization (table 1, expts. 11/7 a.m., a and b, and p.m., 
11/15) of an intensity that raises the threshold as much as 70 per cent has 
not altered the amplitude of the oscillation by an amoimt that significantly 
exceeds the probable experimental error, excepting one case (11/15) where 
the oscillations diminished 29 per cent. Moreover, the sign of the altera- 
tion has not been constant from experiment to experiment. 

Cathode polarization (expts. 11/7 p.m., 11/15) that lowers the threshold 



TABLE 1 

Data on thresholds and oscillation a?npliludes 


EXPEni- 

MENT 

PROCEEUHE 

LOTS’ER 

THRESH- 

OLD 

CHAKGE 

OF 

THRESH- 

OLD 

OSCILLA- 

TION 

AMPLI- 

TUDE 

C 

OUw 

S i « 
SgP 

0 

w 

0 

CHANGE 

IN OSCIL- 
LATION 
AMPLI- 
TUDE 

REMARKS 

1 

Normal 

An. pol. 

■ 

per cent 

-f42.8 

scale div. 

22.0 

17.2 

1 

per cent 

-21.8 


— 

ll/7-b 

Normal 

419 


B9 

2.4 


Same preparation, but 


An. pol. 

728 

-1-73.7 

m 


-flO.5 

another fiber 

11/7 

Normal 

392 


8.7 

2.2 



p.m. 

Cath. pol. 

274 

-30.1 

9.0 


-1-3.4 


11/15 

Gath. pol. 

435 


25.0 


-1-19.0 



An. pol. 

637 

-f21.6 

22.2 


-1-5.7 



Normal 

524 


21.0 

4.0 




An. pol. 

749 

-1-43.0 

21.0 


0 

Polarization strength 


Cath. pol. 

304 


13.0 


-38.1 

increased 


Cath. pol. 

313 


16.5 


-21.4 



An. pol. 

740 

-1-41.2 

14.8 


-29.5 


11/25 

Normal 

743 



3.4 



a.m. 

0.7 NaCl 

657 


i 22.3 


-10.8 



0.7 NaCl 

605 

-18.6 



0 

At end of about 30 min. 


Na citrate 

250-170* 

-66.2 




About 40 min. treat- 




-77.2 




raent; at end the 








small fibers were re- 








peating 

p.m. 




20.0 

3.2 






-69.2 

20. 0± 


0± 

Terminated because fi- 




-79.4 




ber became inexcit- 








able 

11/28 

Normal 

1 

918 


25.0 

2.7 




Na citrate 

515-450 

-43.9 

28.7 


-1-14.8 

Readings started after 




-51. C 




60 min. and con- 


Washed 

600 

-34. e 

26.0 


-1-4.0 

tinned for 44 min. 


Normal 

875 


22.5 

2.6 


Another part of nerve. 








New setting of poten- 








tial divider 


Na citrate 

342-310 

-60.9 

41.6 


-fS5.0 

Readings started after 




-64. C 




57 min. and con- 






1 


tinned for 60 min. 


Washed 

610-700 

-30.3 

29.6 


-f31.6 

Readings begun after 




-20.C 




25 min. 


* Two values thus recorded in this column signify' that the threshold changed 
through that range during the observation. This happened almost invariablj' 
during citration and occasionally during low temperature observations. iMoreover, 
the return toward normal after citration is so slow that the “normal” thresholds at 
that stage always have been below the initial normal. When conditions could not 
be kept constant the order of the readings (high threshold-low threshold) was al- 
ternated throughout the period of observation. 
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TABLE 1 — Continued 


EXPERI- 

MENT 

PROCEDURE 

ROWER 

THRESH- 

OLD 

ClIAMGi: 

or 

THRESH- 

OLD 

OBCILLA- 
TICK 
• AMPLI- 
TUDE 

« 

O 

K J 

' y ? £ 

■< j E 

CHANGE 
IN OSCIL- 
LATION 
AMPLl- 

( 

REMARKS 





M U. 

u 

tn 

O 

TUDE 




scale dir. 

tier cent 

scale dip. 

per 

cent 

per cent 


12/4 

Normal 

782 


15.5 

2.0 




Citrate 

350-200 

-55.2 

16.4 


+ 5.8 

Readings begun after 

! 

1 



-74.4 




40 min. and con- 
tinued for 30 min. 


Washed 

300-425 

BE 

16.2 


+4.5 

After 22 min. 

! 



—45.7 





6/16 

Normal 

622 


20.0 ^ 

3.2 



1 

Citrate 

215 

—65.4 

-59.8 

20.3 


+1.5 



Washed 

535 


23.3 


-9.1 

After 30 min. 

12/5 

23° 

492 


15.5 

3.2 


Temperature of entire 

a.m. 

13.2-11.8° 

905-942 

+102 

15-42.5 


-3.2 

chamber altered 
Observations over a pe- 




+91.4 



+174 

riod of about 30 min. 


1 


+103 



+12.8 



23° 1 

1 

444 

+112 

13.3 


+219 


p.m. 

23° ! 

407 


12.7 

3.1 


During and after the 



1 

1 

1 


1 

1 

! 


cooling period of this 
exp. there vas ob- 
viously a progressive 
decline in oscillation 



i 





amplitude. All com- 
parisons are vdth the 
first room tempera- 
ture readings 


12.8-11.0° 

1615-655 

1 +51.1 
+61.0 

19.0 

1 


+49.6 

Stim. rate 65/min. 


11.2-11.7° 

620-645 

+52.2 

+58.5 

, 15.0 


+18.1 

Stim. rate 30/min. 


11.7° 

622 

+52.8 

13.0 


+2.4 

Stim. rate 65/min. 


21.0-22.5° 

388-413 


11.0 



Stim. rate 65/min. 

12/18 

23.5° 

437 


15.2 

3.5 


Temperature of entire 








chamber altered 


13.4-10.0° 

540-605 


24.1 


+58.5 








+119 



21.0-21.8° 

435 


11.0 




1/21 

21.8° 

593 


17.2 

2.9 


Chamber maintained at 








room temperature ; 
cathode temperature 








altered 


1 13.0° 

754 

+27.2 

23.7 


+37.8 
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TABLE 1 — Concluded 


EXPERI- 

MEN 

pROCEDuna 

LOWER 

THRESH- 

OLD 

CHANGE 

OF 

THRESH- 

OLD 

OSCILLA- 

TION 

AMPLI- 

TUDE 

& 

O 

H o 

s^s 

u 

a 

o 

CHANGE 
IN OSCIL- 
LATION 
AMPLI- 
TUDE 

REMARKS 



scale div. 

per cent > 

scale div. 

per 

cent 

per cent 


1/23 

12.9° 

801 

+26.4 

16.0 


+1.9 

Chamber maintained at 







low temperature; 

cathode temp, al- 
tered. Experiment 

proceeded at an un- 
usually slow rate 




19.3-20.5° 1 

B05-663 


15.7 

2.5 





{m) 





, 

1/30 

7.8° 

504 

1 

21.0 



Chamber maintained at 







low temperature; 

cathode temp, altered 



19.0° 

366 

+37.7 

14.8 

4.0 

+41.9 





+59.3 



+41.9 



7.8° 

585 


21.0 

i 



4/28 

Normal 

572 

■1 

15.7 

2.7 


% 

Strycli. 

782 


55.0 ' 


+255 

After 30 min. 


1:1000 

753 

IBSih 

60.0 


+282 • 

After 60 min. 


Washed 

430 

n 

15.0. 



After 60 min. 


1 

Normal 

492 



m 




Strych. 

650 

+32.1 

BifM 

m 

+367 



1:1000 



m 

■ 




Washed 

527 


22.5 



New setting of poten- 








tial divider 


Normal 

528 


21.7 





Strych. 

707 

+33.9 

90-55 

Hjjl 

+315 

Two readings; time in- 


1:1000 





+153 

terval not mentioned 

4/29 

Normal 

533 


10.0 

1.8 




Strych. 

644 

+17.7 

28.0 



After 60 min. 


1:100,000 

1 648 

+18.6 

' 27.3 



After 105 min. 


Washed 

730? 


12.7 


m 

After 60 min. 

5/4 

Normal 

528 


11.8 

2.2 




Strych. 

602 


1 58.3 


+394 

After 60 min. 


1:000,000 

Washed 

f 

537 

+12.3 

12.7 


+359 

After 90 min. 

6/27 

Normal 

600 


10.0 

m 




Strych. 

810 

+35.0 

1 15.0 


+50 

After 60 min. 


1:100,000 

1:10,000 

1 

825 

+37.5 

i 20.0 
20.0+ 

1 

+100 

After 45 min. 


Normal 

580 



ID 


After 60 min. 
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as much as 42 per cent likewise has failed to alter the oscillation amplitude 
b}’' more than the experimental error, again with one exception (in the same 
experiment as the one mentioned above), in which the amplitude was dimin- 
ished 38 per cent. And, as happened with anode polarization, the sign of 
the change produced by cathode polarization has not been constant. 

Discussion. The cause of the variabilit}’’ of these results is not as yet 
clear. The possibility that uncontrolled demarcation currents may have 
been a factor is suggested by a comparable difficulty encountered in another 
connection (Blair and Erlangcr, 1940), one that was eventually controlled 
b^'' confining observations to portions of the sciatic nerve that were removed 
at least 10 mm. from any injured region. That span cannot be assuredly 
obtained in the digital nerve. 

The increase and the decrease in the number of scale divisions needed to 
stimulate when nerve is polarized anodally or cathodally is usually ascribed 
to reduction or increase, respectivelj’’, in excitability. But Cole (personal 
communication) informs us that the steady state “resistance” of the squid 
membrane is increased at the anode and decreased at the cathode. It is 
possible, therefore, that our oscillation readings are too high while the ner\m 
is anodallj’’ polarized, and too low while it is cathodallj" polarized. It is on 
account of this uncertainty that observations on the effects of polarization 
have not been multiplied. For the present we can conclude only that the 
observed changes in oscillation amplitude determined by polarization are 
within the limits of error of the method. 

The EFFECT OF soDiirar chloride. A single experiment (11/25) , in wliich 
the nerve was treated with isotonic sodium chloride, gave negative results. 
The solution was applied by the method referred to below. 

The effect of soditoi citrate. Methods. The solution used consisted 
of 90 cc. of 0.7 per cent sodium chloride and 10 cc. of 3.2 per cent sodium 
citrate. To apply it to the nerve, it was circulated slowly and steadily 
through the calomel half-cell acting as the cathode of the stimulating circuit 
(see preceding paper) . It came into contact with the nerve in the immedi- 
ate vicinity of the stimulating cathode only. 

Residts. In tliis concentration the citrate solution may cause the smaller 
fibers of the preparation to discharge spontaneously, but not the large fiber 
that is under observation. The threshold of this fiber maj’ be lowered as 
much as 80 per cent bj’’ the treatment. The amplitude of the spontaneous 
oscillations is not changed (11/25 a.m. and p.m., 6/16) or is increased 
(11/28, 12/4). In one instance only (11/28) was the increase definitely 
greater than the experimental error. 

Discussion. Though the citrate solution may increase the amplitude of 
the oscillations, the effect cannot be regarded as strildng. TiTiat effect, if 
any, citrate exerts on the ohmic resistance of nerve does not seem to be 
known. The finding of Hober et al. (1939) that it does not alter resting 
potential may perhaps be taken to signify that it does not alter resistance. 
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On this basis one may be justified in concluding that if citrate solutions alter 
the oscillation amplitude at all, they increase it. 

The EFFECT OF TEMPERATURE. Methods. The temperature of the nerve 
has been lowered (or raised) by all of the methods described in the preceding 
paper. 

Results. There are six sets of observations. In all cooling increased the 
oscillation amplitude. In five of the sets (12/50 a.m. and p.m., 12/18, 
1/21, 1/30) the increase exceeded the limit of error; in one case (1/23) it 
was scarcely perceptible. 

Discussion. Cooling the nerve increases quite decidedly the applied 
voltage required to stimulate. In the preceding paper evidence was pre- 
sented indicating that this increase is due primarily to the lowering of 
excitability by cold, not to an increase in resistance. One must conclude, 
therefore, that the increase in the amplitude of the spontaneous oscillations 
elicited by cold is real. 

Cold is known to increase reflex activity of the spinal cord (Grundfest, 
1941). How an increase in oscillation amplitude might act to produce 
this effect will be considered under the discussion of the central action of 
strychnine. In the preceding paper it was found that cooling nerve in- 
creases the height of the spike and prolongs it, and it was there suggested 
that these changes might have the effect of increasing the efficacj’- of the 
spikes as stimuli. Both of these effects of cold, the effect on the spike and 
the effect on the oscillations, might therefore contribute to the reaction of 
the cord to cold. 

The effect of strychnine. Methods. Purified strychnine sulphate 
was dissolved in Ringer’s solution free of HCO3 and PO4, and, thus dis- 
solved, was applied to the stimulated locus by circulating it through the 
half-cell acting as the cathode. With one exception the concentrations 
employed have been 1:1,000,000, 1:100,000 and 1:1,000. 

Results. The weakest of these solutions was without demonstrable 
effect. This result gives assurance that the modified Ringer’s solution 
does not contribute to the results to be described. 

Striking reactions were obtained with the other concentrations of strj’-ch- 
nine. As may be seen in the table, the 1 : 100,000 solution (expt. 4/29, 
5/4, 6/27) raises the threshold slightly, 14 to 35 per cent, but increases 
enormously the oscillation amplitude — as much as 394 per cent. This 
maximum is attained within one hour and is entirelj’’ reversible after one 
and one-half hours. 

Similar effects were obtained with the 1:1,000 solution (expt. 4/28, ter). 
In this concentration the strychnine raises the tlmeshold somewhat more, 
32 to 37 per cent, but the order of magnitude of the increase in oscillation 
amplitude remains the same. In one case this solution annulled excit- 
ability irreversibly after 105 minutes. 

The action of the strychnine solution on the spike requires mention here. 
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Treatment with the 1 : 100,000 solution long enough to bring out the effects 
described above has had no obvious effect on the amplitude or duration of 
the spike. There is but one observation with a 1:10,000 solution: the 
threshold was raised 37 per cent and the oscillations 100 per cent, at a time 
when there was no measurable effect on the spike. The 1:1,000 solution 
can produce its maximum effect on the oscillation amplitude at a time 
lyhen the spike is altered only slightly; on the other hand, the oscillation 
amplitude may still be high at a time when the height of the spike is 
markedly reduced and its breadth increased (see fig. 2). The descent of 
the spike then is prolonged much more than its ascent. 

Discussion. Changes in the configuration of the spike due to treatment 
with stiychnine have not been alike in the experience of different investi- 
gators. Peugnet and Coppde (Coppde, 1936; Peugnet, 1936) state that it 
is modified by a 1:2,000,000 solution. The duration of treatment neces- 
sarj’^ to bring about this modification is not given, but they picture the 
effect of treatment with a 1:50,000 solution for 138 minutes and vfith a 



strychnine: ascent prolonged 33 per cent, descent 95 per cent; threshold raised 
33 per cent; oscillations increased more than 300 per cent. Weaker solutions do not 
alter the spike. 

The bracket subtends 1 msec, 

1:10,000 solution for 20 minutes. The former modified the spike only 
slightly, the latter markedly. Heinbecker and Bartley (1939) state that 
the only effect of stiychnine on the spike is to decrease its height. In our 
experience, as stated above, an obvious change in the spike has been ob- 
tained only with the 1 : 1,000 solution. Peugnet and Copp6e found that the 
rheobase is lowered by concentrations of less than 1 : 1,000,000 and raised b}*^ 
greater concentrations. By our method of testing, strengths of 1 : 100,000 
and 1:1,000 have raised the threshold. 

Since, in our experiments, str^'^chnine raised the threshold but slightly 
(not over 37 per cent), only a very small fraction, at the most, of the in- 
crease in the oscillation values can be referred to an effect of stiychnine on 
nerve resistance. It would, however, be surprising if strj^chnine exerted 
any effect whatever on nerve resistance. There is every reason for be- 
lieving, therefore, that practically the whole of the increase in oscillation 
amplitude produced by this agent is real. 

The fact that different investigators fail to get the same change in the 
spike through exposure of the nenm to strychnine can be accounted for 
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only on the basis of unrecognized differences in technique or materials’ 
The essential observation, from the present standpoint, is that the con- 
centration, namely, 1:100,000, which in our hands has not obviously 
altered the spike, elicits oscillations that are as wide as anj’- that have been 
noted with any concentration. 'And since the threshold is raised but little 
(it maj' be by only 12 per cent) at a time when the 1:100,000 solution is 
eliciting these wide oscillations, it seems quite possible (particularly in view 
of Peugnet and Copp6e’s observation that very dilute solutions lower the 
threshold) that there is a dilution at which oscillations still are at their 
maximum while the threshold is normal or lower than normal. 

The striking increase in the amplitude of the spontaneous oscillations in 
excitability of nerve fibers that is elicited by strychnine suggests that this 
phenomenon may be a factor in the production of the central action of that 
alkaloid. Since, however, the oscillation swing has at no time carried the 
threshold, raised by the action of strychnine, below its normal level, it is 
ob\fious that the strychnine oscillations could not, without some collateral 
action, account for strychnine convulsions. However, one is reminded in 
this connection of the fact that stiychnine convulsions ordinarily do not 
occur ip the absence of a play of afferent impulses on the strychninized 
centers; that, moreover, the topical application of strychnine to both the 
dorsal and the ventral regions of the cord is requisite to the induction of 
tetanus (Dusser de Barenne, 1911). Is it not possible, therefore, that it is 
the lowering of the central threshold bj”^ afferent impulses that permits the 
spontaneous oscillations in excitability, increased in amplitude by the 
stiychnine, to attain that threshold and so to produce the convulsions? 

The electrical acti^dty of the cord during strychnine tetanus, recently 
described by Bremer in a preliminaiy report (1941), prompts another 
hjqiothesis utilizing the effect produced by strychnine on the amplitude of 
the oscillation in excitability. ‘‘Everything suggests,” Bremer writes, 
“that this neuronal synergj’^ (of the cord) is effected bj’- an intercellular 
action, ti'ub’’ electrical in nature, wliich spreads from an occasional 
focus with the speed of an explosion and synchronizes, over wide areas, the 
pulsations of autorhythmic elements possessing nearly identical individual 
frequencies.” It may be that the autorhythm premised by Bremer is the 
rhythm of our spontaneous oscillations in excitability, increased in ampli- 
tude by the action of strychnine — that the rate of the “tetanic waves,” 
30-10 per second, is the rate of those oscillations. It is more likelj’", how- 
ever, since this is the usual rate of discharge of anterior horn cells, that the 
“occasional focus” is a group of anterior horn cells, reflexly activated. The 
Bremer picture, then, would be reproduced by stimulation, through electro- 
tonic spread from those cells, of neighboring cells which momentarity found 
themselves in the low threshold phase of their excitability oscillations, 
enhanced in amplitude by the action of the strychnine. This 
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stimulation would occur without sjmaptic delay, and so would be accounted 
for the “spread” of the process through the cord “with the speed of an 
explosion.” 

Heinbecker and Bartlej" (1939) liave described other actions of stiych- 
nine, .such as a diminution in accommodation and a prolongation of the 
period of latent addition, which, they believe, account for its central action. 
Such reactions to stiychnine as these would, of course, tend to enhance any 
role the increase in amplitude of the oscillations in excitability might play 
in the induction of the central response to strN’^chnine. 

In so far as the foregoing considerations are valid the 3 ’' appty also to the 
enhancement of reflexes induced in the mammalian cord bj’^ cold, since 
while increasing the height and duration of the spike, cold increases the 
amplitude of the spontaneous oscillation ; but cold raises the threshold more 
than does stiychnine. Cold also diminishes accommodation. 

Evidences of a Seasonal Variation in A^npliinde of Oscillalions. All of the 
determinations of the original series (Blair and Erlanger, 1933) were made 
during the second half of the month of Maj'. As stated above, the average 
range of the oscillations in that series was about 2 per cent. In the case of 
the present series, the average of the first normal determinations of the 
preparations made during November to March, inclusive, is 3.2 per cent and 
of those made since then (beginning April 28th, but excluding the one of 
June 16th), 2.1 per cent. And several other determinations of the normal, 
made during June but not included in the table, have jdelded percentages 
below 2. The determination of June 16th was made during a “cold” spell 
and gave a value of 3.2 per cent. This experience seems to indicate that 
“cold adaptation” increases the oscillation amplitude. The values for the 
ftdl oscillations listed by Pecher (1939) range between 4 and 10 per cent 
and average 5.5 per cent; he gives neither temperatures nor dates. 

General discussion. Three of the agents we have tested, namety, 
anode and cathode polarization and sodium citrate, are supposed to exert 
their effects on excitabilitj'' through action on the “membrane”. It is 
noteworthy’’ that though all markedly affect electrical excitabihty, anode 
polaiization lowering it and cathode polarization and citrate raising it, 
their action on oscillation amplitude in no case is striking if, indeed, thej'^ 
affect it at all. On the other hand, cold must affect all fiber mechanisms, 
and the fact that it enhances the oscillations while lowering excitability, 
considered in relation to the action of the above-mentioned agents, suggests 
that the oscillation response is not of the “membrane”. The site of action 
of strychnine on the fiber still remains to be determined; but the fact that 
it lowers excitability while increasing the oscillations, may be taken to 
indicate that strychnine, also, produces the latter effect through action on 
something other than the hypothetical “membrane”. But in view of its 
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nebulous state, the further development of this notion obviously is pre- 
mature. 

Previous work has disclosed evidences of subthreshold oscillations under 
certain imposed conditions. For instance, when frog’s fibers are made to 
discharge repetitively through continuous superliminal cathode polarization 
there may be “gaps” in an otherwise regular series of responses. These 
gaps have durations which are about equal to two, or to three, or, rarely, 
even to four of the regular spike intervals, indicating that the gaps “result 
. . . from failures of an uninterrupted rhythmical oscillation in excitability 
to elicit a response” (Erlanger and Blair, 1936) . And when the strength of 
a constant current is below the repetitive threshold, but above the rheobase, 
the make spike may be followed at the stimulated locus by a periodic 
variation in excitability decrementing through three recognizable oscilla- 
tions (Erlanger and Blair, 1936). Monnier and Copp6e (1939) have de- 
scribed a similar oscillation persisting after a brief subthreshold stimulus 
given to a nerve subjected to the influence of continuous superrheobasic 
cathodal polarization or of sodium citrate. 

Arvanitaki (1939) has succeeded in recording local oscillatory variations 
in potential produced in giant fibers by cathode polarization of a locus 
treated with sodium citrate. And Brink and Bronk (1941) have produced 
similar oscillations in giant axons merelj’^ by removing the calcium and 
magnesium from topically applied sea water. 

When these oscillations, however caused, develop under conditions that 
permit of the determination of their frequency it usually is found to be of 
the order of 200 to 300 per second. It remains to be determined whether 
the variations in excitability observed in the present investigation are 
periodic and if so what their rate may be. At the moment, therefore, it is 
not possible to assert that the oscillations in excitability and the rhythmical 
subconducted variations in potential are manifestations of one and the same 
phenomenon and therefore have the same frequency. 

The faster rhythms exhibited by bits of frog’s central nervous system 
may have a rate as high as 150 per second. This rhythm, and other central 
rhythms, have been attributed to “spontaneous activity of the cells” 
(Gerard and Young, 1937). The spontaneous oscillations of excitability 
we have studied are manifestations of nerve fibers. Is it possible that this 
fiber activity and this electrical activity of the central nervous system are 
fundarnentally the same? If so we have here still another justification for 
regarding “axons as samples of nervous tissue” (Gasser, 1939). 

The results ve have obtained through the use of these agents fail to 
substantiate Pecher’s inference that the oscillations are produced by molec- 
ular perturbations. Though cold would increase the mean free path of 
molecules, it is inconceivable that strychnine would have this effect. 
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SUMMARY 

The amplitude of the spontaneous oscillations in excitabilitj^ exhibited by- 
single fibers in the phalangeal nerve of the frog is not changed by more than 
the error of the method, by”- 

o. Anode polarization of a strength that raises the threshold as much as 
70 per cent, or by- 

IE}. Cathode polarization that lowers the threshold 42 per cent, or by 

c. Sodium citrate that lowers the threshold as much as 79 per cent. 

d. The oscillation amplitude is definitely increased by' cold Avhich raises 
the threshold, but usually’- not more than 50 per cent. 

e. The oscillation amplitude is increased as much as 394 per cent by’ a 
solution of stiwchnine which may’ not raise the threshold more than 12.3 
per cent. 

The possible relation of this effect of cold to the increase in excitability’ 
of the central nervous sy’stem that is produced by’ cold, and the possible 
relation of this action of stiychnine on fibers to its central convulsant action 
are discussed. 

The effect produced by’ strychnine on the oscillation amplitude renders 
untenable the view ascribing the oscillations to molecular perturbation 
(Pecher, 1939) ; and both the stiychnine effects and the effect produced by 
cold suggest that the oscillations are not attributable to processes origi- 
nating in the “membrane.” 
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In a recent review Iv}’- (1) has noted the lack of quantitative information 
concerning important functions of the digestive system of the aged. Study 
of the normal physiologic functions of old people is basic to all phases of 
geriatrics. The present investigation was undertaken to determine what 
effect, if any, the aging process has on gastric emptying. 

During the past few years the senior author and his colleagues have de- 
termined, under controlled conditions, the gastric emptying time of 59 vig- 
orous, young men. These data have been of invaluable help in the present 
study, since they serve to establish a criterion for the emptying time of the 
stomach of jmung adults in their physical prime. The data obtained from 
the studies of gastric emptying of the aged group reported in this paper 
could be compared dh-ectly to those obtained from the young adults. 

Method. Twelve men, the youngest of whom was 58 and the oldest 84, 
and whose average age was 70.8 j’^ears, were used for this study. Ten of 
the twelve subjects were indigents residing in the county infirmaiy; one 
was a college professor; one was a janitor. 

At 7:30 a.m. they were given a high carbohydrate test meal similar to 
that used in previous studies (2). This meal consists of 15 grams of Quaker 
Farina and 350 cc. of water, boiled together and evaporated to 200 cc.; 50 
grams of barium sulfate were added so that the position of the meal could 
be observed fluoroscopically. No food had been eaten since the preceding 
evening. The subjects were instructed to relax mentally and physicalty, 
but were allowed to walk around the laboratory if thej’’ so desired. The 
same methods were employed in all respects as for the estimations of gastric 
emptjung time of young adults. 

With the exception of 2 subjects, at least 3 determinations of gastric emp- 
tying time were made on each individual at exactly weekly intervals, to es- 
tablish the mean for each subject. Time of emptying of the stomach as 
ascertained by fluoroscopic observation was determined to the nearest 10 
minutes. 

Results. The results are expressed graphically in figure 1. The mean 
values for each of the aged subjects are superimposed upon a diagram of 
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distribution of the individual mean values for 59 young adults. The aver- 
age length of time for the test meal to leave the stomach in the 12 old men 
was 1.94 hours, with extremes of 1.33 and 2.75 hours. The median value 
was 2.04 hours. The gastric emptying time of the 59 j'oung adults aver- 
aged 2.08 hours, with extremes of 1.03 and 3.08 hours and a median value 
of 2.06 hours. It is apiiarent, without statistical analysis, that there is no 
significant difference between gastric emptying times of the 2 groups. 

Discussion. Recently it has been pointed out (3) that gastro-intestinal 
symptoms are common in old age although gastro-intestinal disease is rela- 
tivelj" uncommon. None of the subjects used for the studies reported in 
this paper, as far as could be determined, suffered from organic disease of 
the gastroenteric tract or complained of gastric disturbances at the times 



HOURS 
Fig. 1 


the observations were made. Thej’’ had normal appetite for food and regu- 
larly ate three meals each day. None suffered from cardiac embarrassment 
or other apparent causes of anoxic or stagnant anoxia, which could affect 
gastric emptying. All had sufficient cardiac reseive to perform light, phj's- 
ical tasks without distress. All but 2 cooperated well during the 4 weeks 
inteiAml of stud 5 ^ 

The subjects remained indoors during tests, since external environmental 
temperature maj'^ influence gastric emptying. The observations were made 
during December and Januaiy, while those on the 59 young adults were 
made during the cool months from October to May; thus was offered some 
degree of control of any possible seasonal variation in gastric emptying time. 

Any greater activity of the jmunger group during the evening preceding 
the test meal, which is a factor difficult to control, presumably had little ef- 
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feet on mean values. If activity were greater, it should cause hunger, and 
Ivy and Fauley (5) have shown that hunger decreases gastric emptjdng 
time in experimental animals. The results indicate, however, that the 
younger group did not have a shorter gastric emptying time. • 

An interval of 7 da 3 ^s between tests is sufficient to rid the intestinal tract 
of all traces of barium sulfate. If much .shorter periods were used, it is pos- 
sible that a mass of barium sulfate in the lower hitestinal tract could re- 
flexly impede gastric empt 5 ’'ing. Reflexes from the colon have been shown 
by Pearcy and Van Liere (6) to influence gastric motility. 

Mejmr and Necheles (3) have reported that no free acid was found in the 
fasting stomachs of 65 per cent of 29 patients over 60 years of age, and that 
salivary, gastric and pancreatic secretions were reduced in amount and 
content of enzjTOes, except for pancreatic amjdase. An achiorh 3 ’’dric stom- 
ach may empty faster than the normal, but Ivj’- (1) has noted that this is 
not definitel.y proven. None of the 12 subjects was willing to submit to 
tests of gastric acidity, but even if it is granted that the majority were 
achlorhjTlric, the results still indicate that the gastric musculature of the 
aged is capable of exerting vigorous and effective peristalsis. 

In the present small series, no correlation was observed between phj'-sical 
vigor and gastric emptjdng time. One of the least vigorous subjects had 
the most rapid emptying time. 

Although there is no difference between gastric emptying times of old 
people and jmung adults, this should not be interpreted to mean that the 
aged should eat as much or even the same quality of food as is eaten bj’’ 
healthj^ ^mung adults. An assumption that gastric emptjdng time is a 
main criterion for eating habits is unwarranted, particular^ in view of 
diminutions in the aged of secretions of the various digestive organs (3). 
Also, since man}- people past middle age lead sedentaiy lives, obesity re- 
sults if eating habits are not suitabty modified, and life expectancj’- maj' 
therebj' be decreased. 


SUMMARY AND CONCLUSIONS 

The normal gastric emptying time of 12 men, the jmungest of whom was 
58, the oldest 84 and whose average age was 70.8 5 ''ears was determined 
fluoroscopicall}'. None of these subjects had demonstrable organic disease 
of the gastroenteric tract, and all were capable of performing light, phj^sical 
tasks. The determinations of the gastric empt 3 ’ing time were made exactl 3 ’’ 
at week] 3 ' intervals. 

The criterion used for establishing normal gastric empt 3 dng time was the 
data secured from 59 '\'igorous 3 mung adults, who had been given the same 
tx^ie meal and subjected to exaetty the same procedures as were the aged 
subjects. 

The gastric emptying time of the 12 old men was 1.94 hours; the extremes 
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ranged from 1 .33 to 2.75 houi’S. The gastric emptying time of the 59 young 
adults was 2.08 hours with extremes ranging from 1.03 to 3.0S hours. 

It is concluded that gastric enipt 5 'ing is not influenced bj' senescence. 
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With the exception of the few workers who have ingested (0.9 per cent) 
isotonic NaCl and found it not to be diuretic, there have been few studies 
on oral NaCl solutions as diuretic fluids. Some physicians, not realizing 
that the sweat contains only 0.3 to 0.6 per cent of inorganic solids, have 
gone so far as to recommend 0.9 per cent NaCl solution as a drinking bev- 
erage for workers in hot atmospheres. Most clinicians have learned from 
edematous patients that one liter of 0.9 per cent NaCl supplies sufficient 
salt for the ordinary twenty-four hour requirements when no abnormal 
NaCl loss is occurring. It was thought that a careful study of the diuretic 
efficiency of a series of hypotonic concentrations of NaCl, as well as of the 
chlorides of calcium, magnesium, and potassium, might form an adequate 
basis for the future study of diuretics and at the same time furnish data 
on the all-important water and salt balance of the body. It is also known 
that while 0.9 per cent NaCl solution contains too much salt to be mobilized 
from the tissue spaces for diuretic pm’poses, at the opposite extreme the 
lack of salt in distilled water might inhibit diuresis when a larger dosage 
is used. Accordingly^, the study of the diuretic effect of different con- 
centrations within the range between these two extremes was first under- 
taken. 

Expemwental. All experiments were performed on female dogs which 
had been operated to produce bladder-extrophies (Dragstedt and Drag- 
stedt, 1928). The animals were trained to stand quietly in stocks for the 
duration of each experiment, which lasted approximately tliree hours. 
Urine was collected at ten minute intervals from the funnels strapped under 
the fistulae. The urine volumes were measured and the chloride excre- 
tions were determined by a modified Volhard method (McLean and Selling, 
1914). Water and food were withheld from the animals for five hours 
preceding each expeiiment to permit absorption of any recently ingested 
food or water. A control period of thirty minutes was allowed before the 

^ Aided in part by a grant from the Committee on Therapeutic Research of the 
Council on Pharmacy and Chemistry of the American Medical Association. 
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TABLE 1 


Successive daily saline diuresis — 100 cc.fkgm. 



1 

Iflt day 

2nd day 

3rd day 

0.9% 

saline 

Serum NaCl change 
Urine peak 

Peak NaCl* 

+71 mgm. % 
19 cc. 

228 mgm. 

i 

+21 mgm. % 
31 cc. 

337 mgm. 

+66 mgm, % 
36 cc. 

310 mgm. 

0.5% 

saline 

Scrum NaCl change 
Urine peak 
i Peak NaCl 

-8 mgm. % 
43 cc. 

73 mgm. 

+22 mgm. % 
55 cc. 

81 mgm. 

+35 mgm. % 
54 cc. 

67 mgm. 

0.2% 

saline 

Scrum NaCl change 
Urine peak 

Peak NaCl 

+15 mgm. % 
50 cc. 

9 mgm. 

1 

+15 mgm. % 
57 cc. 

42 mgm. 

+3 mgm. % 
56 cc. 

46 mgm. 

Dist. HjO 

Serum NaCl change 
Urine peak 

Peak NaCl 

1 

j -15 mgm. % 
40 cc. 

10 mgm. 

i 

-15 mgm. % 
45 cc. 

15 mgm. 

—30 mgm. % 
48 cc. 

22 mgm. 


* Expressed as mgm. NaCl/10 m'm./lO kgm. of dog. (Sec figs. 2 and 3.) 



Fig. 1. The comparative maximum diuresis produced in the 10 kgm. dog by solu- 
tions of 0.1 per cent to 0.7 per cent NaCl when 200 cc./kgm. is given in SO cc./kgm. 
doses at 30, 60, 90 and 120 minutes. The maximum diuresis occurs with doses of 0.4 
per cent to 0.6 per cent, and this was found to obtain for doses of 100 to 300 cc./kgm. 
The diuretic response to the 0.7 per cent solution attains only the level produced by 
the more hypotonic solutions of 0.1 per cent and 0.2 per cent. 
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administration of any fluid. All fluids were administered by stomach 
tube at 37°C. 

It was determined that a 50 cc./kgm. volume is well tolerated by the 
dog’s stomach and that this quantity disappears from the stomach in 


SUCCESSIVE 0.9%SAUNE DIURESIS 


100 C.C./KGM. 
A DOGS 



Fig. 2. Daily 0.9 per cent NaCl diuresis at 100 cc./kgm. The time of onset and 
peak of diuresis increased from day to day. The vertical lines on the inside of the 
ordinate measure the milligrams NaCl/10 min./lO kgm. The individual lines in each 
triad indicate respectively from left to right the height of chloride excretion at the 
corresponding time on the three successive days. The arrows indicate the time of 
administration of 50 cc./kgm. of the saline solution. The average blood chloride 
of the four dogs taken at the beginning and end of each experiment show a daily 
increase. 


thirty minutes. Therefore, in these studies fluids were given in doses of 
100 to 300 cc./kgm., divided into doses of 50 cc./kgm. administered at 
half-hour intervals. Four or five dogs were used in each experiment. 
Since the dogs used weighed approximately 10 kgm., all results were ex- 
pressed on the basis of a theoretical 10 kgm. dog. The urine samples 
from all dogs in the group were pooled at each ten minute interval, and 
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a 5 cc. aliquot was taken for chloride estimation. Every thirty minutes 
the volume and clilorides of ten minute samples were determined for each 
individual dog to ascertain individual variation. Dogs which deviated 
from the average were replaced. A second series of experiments was per- 
formed to determine the effect of various concentrations of NaCl and also 
distilled water when administered three daj-s in succession in doses of 100 



MINUTES 


Fig. 3. Daily 0.2 per cent saline diuresis at 100 cc./kgm. More equal daily diuretic 
responses are obtained than with either 0.9 per cent or 0.5 per cent NaCl ■nith respect 
to onset, peak and decline of diuresis. This maj’’ indicate that the disturbance in 
salt and water balance with this solution is minimum and easily compensated nv ithin 
24 hours. No definite change in blood NaCl occurred. 

cc./kgm. The blood chloride changes were followed dailj’’ with a sample 
obtained from each dog before the experiment and after the experimental 
diuresis. The samples were pooled and the chloride determination made 
in duplicate by the method of Koch. The summarized results are tabu- 
lated in table 1 and in figures 1 to 3. 

Discussion. Oral administration of saline solutions ranging in con- 
centration from distilled water to 0.9 per cent results in varying dim'etic 
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responses, with the greatest diuresis occurring with solutions of 0.4 per 
cent to 0.6 per cent NaCl concentration. The limits of chloride excretion 
so far obtained in the normal 10 kgm. dog are 0.1 mgm./min. and 51 
mgm./min. The difference between the diuretic response of the dog to 
0.2 per cent and that to 0.5 per cent saline may represent the difference 
between sufficient chloride intake with 0.2 per cent saline and true chloride 
diuresis with 0.5 per cent NaCl. The oral administration of saline solu- 
tions for three days in succession results in the least average blood chloride 
change when 0.2 per cent NaCl is used. This concentration also furnishes 
adequate NaCl for the excretion of maximal quantities of fluid. Even 
with the extreme dilution of 0.1 and 0.2 per cent NaCl, a retention of 
over half of the NaCl occurred during the 3 hour diuretic period. The 
daily increase in urinaiy output is believed to indicate an increase in extra- 
cellular and tissue NaCl and, hence, an ability of the saturated tissues to 
absorb less NaCl and excrete more by way of the urine. This also in- 
dicates that even 0.5 per cent NaCl given orally is retained to such an 
extent that the dog is not in normal salt balance twenty-four hours later. 
Attempts were also made to substitute 0.5 per cent NallCOs and 0.5 per 
cent NH4CI as a maximal diuretic fluid in order to study the effect of 
acid base balance on diuresis. These solutions caused marked vomiting 
and diarrhea and could not be given in doses greater than 50 cc./kgm. 

In an attempt to verify these results in the human subject, three males 
ingested over a period of 90 minutes 50 cc./kgm, (4 liters) of 0.5 per cent 
NaCl solution. After an interval of one week the same amount of 0.25 
per cent saline was ingested, and the next week distilled water was used. 
The 0.5 per cent saline experiment produced marked diarrhea in all three 
subjects. The 0.25 per cent saline was well tolerated and produced a 
diuresis almost comparable to the distilled water ingestion. The inges- 
tion of 4 to 5 liters of distilled water over a period of one hour produced 
a headache in one subject and malaise in the other two subjects. Since 
the greatest diuresis accompanied the distilled water, it was thought that 
50 cc./kgm. was not sufficient distilled water to exhaust the NaCl reserves 
of the body. The subjects noted a sustained diuretic effect from the 0.5 
per cent saline, which carried over to the second and third day after the 
experiment. 

With these results in mind, it is of interest to review the findings of 
Abel (1914), who in order to avoid “edema” in his vivi-diffusion experi- 
ments found it necessary to reduce the NaCl content to 0.55-0.6 per cent. 
Clark (1913) also found that the ordinary Ringer solution is improved 
if 0.3 to 0.4 per cent of the NaCl is omitted and the solution made isotonic 
with sucrose. 

There are probably two underlying factors involved in the findings that 
0.5 per cent NaCl is the most diuretic in dogs, while only 0.2 per cent is 
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needed for maintenance of salt balance. The absorption from the gastro- 
intestinal tract is more rapid when 0.5 per cent is used, but once this is 
absorbed the kidney cannot excrete more than 0.2 per cent ISTaCI in diuretic 
quantities. The vomiting wliich occurred with the lower concentrations 
of NaCl was probablj' due in part to the retention in the stomach of the 
dose of fluid previously administered. 

SUMMARY 

When bladder-extrophied dogs are given orall3’’ solutions of NaCl from 
0.0 per cent to 0.9 per cent, it was found that 0.5 per cent NaCl produces 
the greatest diuresis; 0.2 per cent NaCl produces the least change in the 
NaCl balance, as shown b}' lack of cumulative action and minimal change 
in the serum chlorides. Human subjects cannot tolerate water containing 
more than 2 grams/liter of NaCl vdien large doses are given. 
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It has been known since the pioneering experiments of Ringer (1882) on 
the perfusion of the frog heart that potassium, calcium, and magnesium 
each contribute to the automaticity of hear^muscle. _ Aside from the 
clinical data which attest to the diuretic activity of these three ions in over- 
dosage, little is known regarding their diuretic effect on the intact animal 
when used in a physiological range of concentration. Accordingl}^ diuretic 
experiments were planned in which these ions in physiological concentra- 
tion would be added to the physiological, and most diuretic, concentration 
of NaCl. 


TABLE 1 


EXPERIMENT 

DOGS 

cc./kgm. 

NaCl 

K 

Ca 

Mg 



mm 

per cent 

mgm.pcr cent 

tnjm.per cent 

mgm. percent 

I 

s 


0.45 




II 

8 


0.45 

18 



III 

8 

200 

0.45 


10 


IV 

8 

200 

0.45 



3.5 

V 

8 

200 

0.45 

18 

10 


VI 

8 

200 

0.45 

18 

10 

1 

3.5 


Since the serum level of NaCl, 0.45 per cent, was found to be the most 
diuretic in previous experiments, a solution of this concentration was used 
as an appropriate medium in which to administer the chlorides of po- 
tassium, calcium and magnesium. Four trained, female, bladdfer-ex- 
trophied dogs were used in tliese studies. Experiments were performed at 
weekly intervals to allow the^nim'als to return to a normal salt and water 
balance. Two experiments were perfonned at each saline concentration, 
making a total of eight dogs for averaging purposes. Solutions were ad- 
ministered by stomach tube in such quantities that each animal received a 
total of 200 cc./kgm. This was divided into four doses which were given 
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Fig. 1. Data are expressed on a basis of a 10 kgm. dog when eight dogs received 
200 cc./kgm. orally in doses of 50 cc./kgm. at the 30, 60, 90 and 120 minute intervals. 
The milligrams chloride excretion, expressed as NaCl, is represented by the vertical 
lines. 
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at half-hourjntervals after an initial thirty minute control period. Table 
1 represents a protocol of the experiments conducted. 

Results. The graphs of figure 1 summarize the experimental data. 
After determining the normal response to 0.45 per cent NaCl, KCl -was 
added in an amount to provide 18 mgm. per cent of available K ions in the 
diuretic fluid. For purposes of comparison this curve is superimposed on 
the control NaCl graph. The onset of diuresis is earlier and a higher peak 
is attained. The clfloride excretion, as represented by the broken vertical 
lines, appreciably exceeds that of the 0.45 per cent NaCl alone. 

When CaCb "was added (Ca"^ = 10 mgm. per cent), the -abater diuresis 
exceeded that of the control curve. The clfloride excretion in the 90 to 
150 minute period -was less than that of the control 0.45 per cent NaCl ex- 
peiiments. 

MgCh, when added in sufficient quantit}’^ to pro-vide 3.5 mgm. per cent of 
available Mg ions, resulted in a marked increase in water diuresis over the 
entire period of the experiment. The NaCl output, except for the 50 to 90 
minute period, equaled that of the 0.45 per cent NaCl. 

The combination of Ca (10 mgm. per cent) with K (18 mgm. per cent) 
resulted in a loss of the normal diuretic effect of these ions. A definite 
retention of chloride started at 90 minutes and obtained for the duration of 
the experiment. 

The addition of Mg (3.5 mgm. per cent) in the presence of Ca (10 mgm. 
per cent) and K (18 mgm. per cent) decreased the diuretic effect of the 
Mg, Ca and K ions. A greater chloride excretion occius with this combina- 
tion than with the 0.45 per cent NaCl alone. 

Discussion. IVlien K, Ca, and Mg chlorides are given singty in a di- 
uretic fluid in the same concentrations in which they appear in the blood 
stream, the resulting diuresis is at all times greater than that seen with 
0.45 per cent NaCl alone. In the case of a balanced solution containing 
Ca and K in 0.45 per cent NaCl, the data point to a retention of chloride 
ions and a total reversal or loss of the diuretic effect of these two ions. The 
diuretic effect of MgClj is also decreased by administration in a balanced 
Ca-K-Na solution. The explanation of these phenomena must await 
further studies checking blood volume and tissue water balance. The 
lack of water diuresis might be accounted for by increased urinaiy concen- 
tration. The decrease in chloride excretion, however, would indicate an 
actual retention of these ions. This antagonism between Ca and K has 
been confirmed in water balance studies in rats.^ These results are at 
variance with those observed with the heart-lung-kidney preparation 
(Eichholtz and Starling, 1925). When K or Ca chlorides were given 


* To be published. 



732 


C. PFEIFFER, C. ROBY AND R. B. SMITH 


separately, no effects were noted in the excretion by the isolated kidney. 
If these two salts were given together, however, there was an increase in 
cliloride excretion and water output. The concentrations used in those 
experiments, however, exceeded tlie normal physiological range. 

SUMMARY 

adding each of the serum cations to an oral 0.45 per cent NaCl solu- 
tion it is possible to ascertain the diuretic effect of each ion. The addition 
of Ca is the least diuretic, while Mg addition results in the greatest diuresis. 
K is intermediate. The combination of Ca and K prevents the diuretic 
action of each ion and results in a greater retention of chlorides. Mg does 
not completely enter into this antagonism, although the diuretic effect of 
this ion is greatly diminished. 
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We have recently demonstrated (1) that blood serum contains “secretin- 
ase,” the presumed action of which is to remove active secretin from the 
circulation and permit pancreatic secretion to subside. We believe this 
enzjme to be an important factor in the regulation of the external secretion 
of the pancreas. 

In the normal digestive process the hormonal stimulus for pancreatic 
secretion is accompanied bj' an emptying of the gall bladder which is due 
to contraction of its musculature mediated bj’’ the hormone cholecystokinin 
(2). The characteristic gall-bladder contraction in response to cholecys- 
tokinin stimulation is abrupt and reaches its height in one or two minutes; 
this is followed by slow relaxation. The extent of contraction and the 
interval required for relaxation depend to a large extent on the quantity 
of cholecystokinin administered. YTien an extract of intestinal mucosa 
containing both secretin and cholecystokinin is injected and the responses 
of the pancreas and gall bladder are observed, the parallelism is striking 
mth respect to onset, magnitude and duration of action of the two hor- 
mones. A similar parallelism obtains in the case of their endogenous 
absorption in the course of the normal phj’^siologic response to a meal. In 
general on intravenous administration the cholecystokinin effect is the more 
protracted. 

Since secretin and cholecystokinin enter the circulation from the same 
source (the upper intestinal mucosa) and appear to be closel}'^ related 
chemically, and since their separate effects coincide to some extent, a 
similar or identical agency in clearing them from the circulation appeared 
to us to be probable. The presence of such a mechanism was tested in the 
experiments described below. 

Experimental . 1 . M aterials . The same S i preparation emploj'^ed b 3 '' us 
in our premous work served as the cholecystokinetic agent. This material, 
which contains one* unit of secretin in 0.25 mgm., causes a 1-cm. rise in 
intra-gall-bladder pressure in most dogs in a 0.5 mgm. dose. In the present 
work injections of 2 mgm. were made in order to secure pronounced reac- 
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tions and accentuate an 3 ' differentiations in effectiveness encountered in 
the course of treatment b}' serum. Normal dog serum was used throughout 
these studies. 

2. Methods. Lai’ge dogs (15 kilos or over) were anesthetized with sodium 
pentobarbital and the abdomen was opened bj’’ a midline incision. The 
cystic duct was clamped and a trocar inserted in the dome of the gall 
bladder and connected to a Becker tambour to provide for a recording of 
gall bladder motilit 3 ^ (2). Provision for recording pancreatic secretion and 
carotid blood pressure was made as in our previous experiments. The 
response of the animals to a control injection of 2 mgm. of Si was estab- 
lished, and mixtures of Si and serum were injected under the following 
conditions: (a) Constant: Volume, pH, and temperature of serum. 


TABLE 1 

Progressive disappearance of cholccystokinin from solutions of £ mgm. Si in 10 cc. dog 
scrum at varying incubation times {S7°C.) 


DOG 

KO. 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 


cm. 

min. 


m 











1 

3.7 

12 

3.5 

Q 

3.3 

8 

3.0 

7 

0 

0 



4.0 

15 

2 



2.0 

ra 

1.8 

8 

1.5 

6 

1.0 

4 



3.0 

17 

3 





4.0 

18 

3.0 

15 

2.0 

8 



3.0 

14 

4 

5.3 

13 

4.1 

11 



1.7 

16 

0.7 

4 

0 

0 

5.0 

12 

0 

6.7 

15 

4.5 

12 

4.0 

9 

2.0 

8 

1.8 

6 

0 

0 

6.1 

14 

6 

4.8 

9 

4.6 

S 

3.3 

7 

2.5 

7 

2.3 

7 

0 

0 

5.0 

10 



1 Incubation time (hours) | 



0 

A 

2 

1 

2 

3 

5 

Control 


Varied: Time of incubation, (b) Constant: Volume and pH of serum 
and time of incubation. Varied: Temperature of incubation, (c) Con- 
stant: Time and temperature of incubation and pH of serum. Varied: 
Volume of serum, (d) Constant: Time and temperature of incubation 
and volume of serum. Varied: pH of serum. 

The degree of excursion of the Becker tambour was standardized with 
reference to the observed height of the \nsible column of bile, so that the 
records obtained could be recorded in terms of changes in intra-gall-bladder 
pressure in centimeters of bile. 

Results. The gall-bladder response to the intravenous injection of 
Si-serum mixtures was altered in a manner analogous to the diminution 
previously noted in the response of the pancreas to the serum-treated 
material. The degree of inactivation of cholec 3 ’’stokinin was found to var 5 ’’ 
direct^ with the length of time of incubation, and was usualb’’ complete in 
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5 hours when 2 mgm. of Si was treated with 10 cc. of serum. The degree 
and duration of gall-bladder response in this series of animals is listed in 
table 1, and an illustrative record of one experiment is reproduced in figure 
1. The inactivation was found to proceed slowly at low temperatures, 
optimall}’^ at body temperature, and was entirely eliminated bj’^ heating the 
serum to over 60°C. prior to incubation (table 2). The degree of inactiva- 
tion for a given time and temperature was a function of the amount of 
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Fig. 1. Progressive inactivation of the secretin and cholecystokinin in 2 mgm. of 
Si, following incubation with 10 cc. of normal dog serum for varying lengths of time. 
The secretin is entirely inactivated after 31 hours, and the cholecystokinin after 5 
hours. 


serum used (table 3), and the inactivating agency was ineffective when the 
acidity or alkalinity was caused to deviate markedly from the normal pH of 
the blood (table 4). 

It was not possible to evaluate alterations in gall-bladder response with 
the same degree of accuracy as in the case of the pancreas. The nature of 
the recording apparatus is such that only sizable differences in response 
are significant; and we were restricted to a small number of injections in 
any given animal, since it is known that frequently repeated stimulation of 
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tile gall bladdev by cholecyst okinin will eventually throw the visciis into a 
state of persistent contracture which renders the animal useless for assay 
purposes. 


'TABLE 2 

EJfcct of Icmpcratnrc of ntcubaliori upon gall-blnddcr response to 2 mgm. Si incubated 

with 10 cc. of serum 


POO NO. 

OALI/^nLADDEIt HESPON'SE 


j Rise 

Duration! 

Rise 

Duration' 

Rise 

Duration 

Rise 

Dur.ation 

Rise 

Duration 


Cm. 

mtn. ! 









7 


14 ! 

0.5 

7 1 

0.2 

3 


■ 


14 

8 


15 

1.7 

12 

1.2 

9 




IS 

9 

4.0 

25 

3.3 

IS 

2.0 

15 




25 

10 

2.0 

S 

0.7 

G 

0 

0 





11 

1.0 

6 

O.S 

0 

0.5 

4 



1.0 

1 6 

12 

1.2 

9 

0.9 


O.G 

4 


■I 

1.2 

9 

13 





0.5 

3 

1 2.5 


2.2 

18 

14 

1 

1 


■ 

0 

0 

1 

l.S 

la 

i 1.2 

13 


1 Temi)croture. degrees C. | 


10 

22 

37 

60 

Control 


TABLE 3 

Effect of varying guanlitics of scrum on gall-bladder response when incubated ivith 

2 mgm. Si at 37°C.for 4 hours 


OALL-DLADDEU KESrONSB 


DOG 

NO. 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 

Rise 

Dura- 

tion 


cm. 












15 

2.2 

13 

2.5 

9 

^B 

6 

0.5 

2 

0 

0 

2.5 

11 

16 

2.5 

14 

1.7 

8 

O.S 

5 

0.6 

4 

0 

0 


- 

17 

1.2 

18 



0.5 

9 

0.1 

1 

0 

0 

0.9 


18 


15 



1.0 

B 

O.S 

5 

0.7 

3 

2.0 


19 

1.2 

12 

0.5 

3 



0 

0 



1.5 


20 


13 

2.5 

10 

1.8 

^1 

1.0 

2 

0 

0 

4.0 


21 

1.2 

12 

0.3 

3 

0 

0 

0 

0 



1.5 





Volume of scrum (cc.) 



1 

2 

5 

10 

20 

Control 


Discussion. It is aiiparent from the data submitted that inactivation 
or destruction of cholecystokinin is brought about when this hormone is 
incubated with blood serum at the physiologic normal temperature and 
reaction. The process of removal of active cholecj'stokinin from such a 
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mixture is dependent on the time of incubation and the amount of serum 
used. It proceeds most rapidly at body temperature and is prevented by 
heating to GO^C. or by adjusting the reaction to an acidity or alkalinity 
deviating markedly from the normal (2 pH units or more) . It follows that 
the mechanism whereby active cholecystokinin is caused to disappear from 

TABLE 4 


Effect on gall-bladder response to 2 mgm. Si incubated with 10 cc. of serum for 4 hours 

at normal, acid, and alkaline pH 


DOG KO. 

SEBUM pH 

QAJLL DLADDEK 

Rise 

Duration 



cm. 

i mtn. 

22 

4.6 

1.7 

13 


7.0 

0.2 

3 


10.4 

1.2 

11 


Control 

1.7 

' 14 

23 

2.0 ' 

1.0 

8 


7.0 

0 

0 


11.0 

1.0 

8 

24 ' 

2.0 

1.4 1 

8 


7.0 

0.7 

5 

i 

11.0 

0.7 

7 

25 

Control 

1 

2.2 1 

12 


9.4 

2.0 

12 


7.5 

1.2 * 

6 


3.4 

1.2 1 

7 

i 

Control 

2.0 

? 

26 

3.4 

1.5 

12 


7.5 

0.3 

3 

i 

9,4 

1.2 

13 

27 

3.5 

2.5 

11 


7.5 

1.0 

5 


10.2 ; 

2.7 

18 


Control 

i 

2.5 

12 


the incubation mixtures is an enz 3 '^mic one, since the usual criteria for the 
demonstration of enzyme activity have been fulfilled by the experiments 
outlined above. 

It remains to be established whether the same enz^one is involved in the 
inactivation of both secretin and cholecystokinin. It is quite conceivable 
that the two hormones are structural^ similar chemically; witness their 
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dose association in vivo and in processes for preparing concentrates. Thus 
it is entirely admissible that a singloenzymc present in the blood dcstroi^sor 
alters a certain chemical group or atomic linkage essential for their separate 
activities. Ho^ve^■er, until the structures of the two substances are knovTi, 
one can merely sj^cculale regarding this possibility. It is certain that they 
are not identical; if additional proof of this fact were nccessar}’’, the present 
experiments supply it. Each injection of 2 mgm. of Si contained 8 units 
of secretin and 4 units of cholcc 3 ^stokinin; thus if a single substance were 
being destro.yed b.y the blood serum, the cholccystokinetic effect would 
obviousl.y have complcteh' disappeared before the secretin potenc\' had 
been lost. Exacth' the reverse was actuallj^ obtained, as is illustrated in 
figure 1. It follows that the enzjunic inactivation of secretin proceeds vnth 
considerablj' more rapidity than that of cholec\’’stokinin. 

SUMMARY AND CONCLUSIONS 

A concentrate containing secretin and cholecj'stokinin has been in- 
cubated with normal dog serum and inactivation of the cholecj'stokinin 
has been demonstrated. 

Such inactivation is progressive with time of incubation and is most 
rapid at 37°C. The agenc.v involved is heat-labile and is effective onlj" at a 
reaction approximating the pH of the blood. Thus the mechanism 
whereby inactivation occurs is an enz\'-mic one. 

The enzj'me involved maj' or maj' not be secretinase. The inactivation 
of cholecystokinin proceeds considcrablj’ more slowh* than does that of 
secretin. 
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Several methods have been suggested as a means of avoiding direct 
red cell counting and hematocrit determinations, the former because it is 
tedious, and the latter because of the doubt which exists as to the right 
rate and time of spinning ^ One method is described by Ponder, Dubin 
and Gordon (1934), and consists in finding the red cell count by dividing 
the percentage volume found by hematocrit by the mean cell volume in 
/Li® found by diffraction. Another is that originally due to Oliver (1895- 
96) and developed by Holker (1921) ; the red cell count is determined from 
the opacity of a suspension, measured in various ways. Shohl (1940) has 
used the same principle for finding the percentage volume, the opacity of 
a suspension of red cells of the sample of blood being measured nuth the 
Evelyn photometer, and the percentage volume read off from a previously 
prepared linear calibration curve. 

I re-examined the opacimeter method in 1934 (Ponder, 1934), and was 
imable to find the precision which Holker claimed for it, for the opacity of 
a red cell suspension turned out to be determined not only by the number 
of cells, but also by their size, their shape, and the refractive difference 
between them and the surrounding medium, as well as by other factors 
which are obscure. In general, the discrepancy between the results ob- 
tained by opacimetry and by direct counting were found to be sometimes 
as great as ±10 per cent. 

In these experiments, however, I used a Zeiss Stufenphotometer with 
a large angular aperture, and so both scattered light and directly trans- 
mitted light were measured together. The importance of the angular 
aperture has since been emphasized by Mestre (1935), and so better results 
might be obtained with a photometer of smaller aperture such as the Edett- 

1 This investigation was carried out by the aid of a grant from the Simon Baruch 
Foundation. 

* For a description of the difficulties which arise in connection with the hematocrit 
method, see Ponder (1940) and the papers therein referred to. It should be again 
emphasised, however, that the value of the method depends on whether it is used for 
the determination of relative, or of absolute, volumes. 
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Sumraerson pliotometer.^ I also used a filter with a maximum transmis- 
sion at 5300 A, but Shohl has since pointed out, on the basis of Drabkin 
and Singer’s investigations (1939), that a red filter with a maximum trans- 
mission at 6G00 A ought to be better, as it minimizes tho effect of variations 
in hemoglobin content. Lastly, mj’’ investigation was directed more to 
soeldng the sources of error of the method than to seeing how it would 
work out in practico, which is the purpose of the present series of deter- 
minations. 

Methods. The samples of venous blood (about 5 ml.) were received 
into small bottles containing heparin. Oxalate should not be used, be- 
cause of its effect on the cell volume and on osmotic properties (Ponder, 
1940). The cases from which the blood samples were taken were selected 
so as to e.xclude the blood d.yscrasias, and those showing low red cell counts 
were cases of cither secondary anemia or hemorrhage. 

The opacity measurements were made with a IClctt-Summerson photom- 
eter, using a, the red filter GO with a transmission of from 6400 to 7000 A, 
and b, the green filter 53 rvith a transmission of from 5000 to 5700 A. The 
suspension was prepared by adding 20 mm.® of the heparinized blood 
sample to 10 ml. of 1 per cent NaCl or to 10 ml, of the citrate-formol solu- 
tion desci'ibed by Shohl (3.0 per cent sodium citrate to which is added 1 ml, 
of formalin for each liter). Readings of the ])hotometer were made as 
soon as possible after adding the blood to the NaCl or citrate-formol and 
mixing, 30 seconds after mixing, 1 minute after mixing, and 2 minutes after. 
During this period the opacity almost always falls in NaCl suspensions, 
and invariably rises in citrate-fonnol, and at the end of 2 minutes a steady 
state is reached. To get information about stirring effects, the tubes were 
inverted at the end of 2 minutes, or their contents stirred vath a small 
air jet. This usually results in an increase in the opacity within 15 seconds 
after the stirring, and a return to the original steady value within a minute. 

The red cell counts were made on the samples of heparinized blood in 
the usual way, 5 squares being counted on each side of a double chambered 
Levj’--Hauser counting chamber, and checked by a second pair of counts 
in cases where the deviation of the first pair exceeded 2\/ n/n."* 

^ Shohl used the Evelyn photometer, which is of small aperature. 

‘‘ tVhile the theoretical standard error for the distribution of n cells is \/n/n, as 
shown by “Student” in 1906, deviations of more than twice the standard error occur 
in practice with an unexpectedly high frequencj'. It is also noticeable that the error 
does not diminish as rapidly as it should when larger numbers of cells are counted, 
i.e., it is somewhat like the standard error of the polynuclear count (Ponder, Saslow 
and Schweizer, 1931). Attention should be called to the fact that there are consider- 
able errors connected with the process of sampling, for blood in a vial, even if well 
stirred, is not altogether homogeneous; this is probably due to the cells being carried, 
en masse, in shoals by currents in the fluid, .and is what gives rise, essentially, to the 
stirring errors described in this paper. In practice, there must be added errors in- 
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The hematocrit tubes were 100 mm. long, about 1 mm. in bore, 
and made of hear^ walled glass. They were filled by means of capil- 
lary pipettes, and spun at 3000 r.p.m. for 15 minutes; this may not be 
an ideal speed and time, but results in the attainment of constant vol- 
ume, and is satisfactoiy, in my experience, for comparative purposes. In 
measuring the length of the column of packed cells, the buffy coat was not 
included; at the same time, however, the length of the white cell column 
was measured, and a white cell count was done in the usual way. Hemo- 
globin was also determined on each sample.® 

Results. To express the relation between any pair of measm'ements 
(e.g., red cell count and opacit}”^ as measured with the red filter after 2 
minutes, the cells being in citrate-formol), the figures for the count and 
for the opacity were plotted against each other, and a best line passing 
through zero was drawn through them by the method of least squares. 
For each opacity reading, the difference between the corresponding ob- 
served count and the count derived from the linear relation was obtained; 
the standard derdation a of the deviations was then found in the usual 
way. This is better than calculating a coefficient of correlation between 
the two variables, because it gives a direct measure of the degree of scatter 
of the discrepancies and of the frequency with which a discrepancy of any 
given magnitude may be expected to occur. The values of o- for different 
pairs of measurements are shown in table 1. The magnitude and distribu- 
tion of the stirring effects are shown in table 2, each stirring effect being 
expressed as a percentage of the photometer reading. 

Discussion. As regards the correspondence between red cell counts 
and opacity measurements, the most satisfactory agreement is found when 


troduced by variations in shaking in the hemacytometer pipettes; ive use a standard 
shaking, by hand, of 5 minutes, but a shaking machine is to be preferred. 

® While the number of determinations made in the course of this investigation is 
not large enough for any very detailed statistical analysis, I have not been able to 
find any relation between the number of white cells present and the magnitude of the 
discrepancy between the observed count (or hematocrit reading) and the value given 
by the linear relation determined from the mass of the data. Shohl has pointed out 
that caution ought to be exercised in applying the opacity method to samples in 
which the number of white cells is greatly increased, and in this investigation I have 
rejected all observations for samples in which the total white cell count was less than 
5,000 per mm^. or more than 10,000 per mm’. This means that the buffy coat did not 
exceed about 1 mm. in the hematocrit tube, and it is no doubt because of the restric- 
tion placed on the number of wliite cells allowable that no indication of their effect 
on the opacity appears in the figures. In some cases in which the white cell count 
was in the neighborhood of 20,000 to 40,000, the results obtained from the opacity 
measurements agreed very badly with those of red cell counting, as might be ex- 
pected. Curiously enough, variations in the hemoglobin content have not been 
found to affect the discrepancy between opacimetry and red cell counting or hema- 
tocrit determinations, even when the green filter was used. 
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the cells are suspended in citratc-fonnol and when the opacity measure- 
ments are made with a red filter (maximum transmission 6G00 A) and 2 
minutes after adding the cells to the suspension medium.® Even under 
these circumstances, howe\’cr, the standard deviation of the discrepancies 
between the count as made directly and the count as calculated from the 
opacity amounts to ±0.545 X 10®, i.e., about two-thirds of the discrepancies 
are less than this, but about one-third of them is greater. 

At this point the question mu.st ari.se as to the extent to which the dis- 
crepancies arc contributed to by the red cell counts them.selves being in 
error. The standard cri'or which attaches itself to a red cell count by 
reason of the imperfection of the distribution of the cells on the squares of 
the chamber is-s/ii/n in theory (“Student”, 1906), and somewhat greater 


TABLE 1 



Green 

1st setting 

NaCl 

±0.511 X 10' 

Red cell count and 

Red 

1st setting 

NaCl 

±0.467 X 10« 

opacit 3 ’’ 1 

Red 

2nd setting 

NaCl 

±0.570 X 10' 

1 

Red 

2nd setting 

Citrate-formol 

±0.545 X 10' 

Hematocrit and f 

Red 

1st setting 

NaCl 

±3.11 units 

opacitj' \ 

Red 

2nd setting 

Citrate-formol 

±2.70 units 


TABLE 2 

Distribution of stirring effects, per cent 



NEGA- 

TIVE 

0-2 

2-4 

4-0 

o-s 

S-IO 

10+ 

NaCl 

2 1 


— 

15 

4 

2 j 

2 

Citrate-formol 

0 ! 

ii 

mm 

0 

0 

0 1 

0 


mam 






in practice (Ponder, Saslow and Schweizer, 1931). The average red cell 
count in the series for the red filter and citrate-formol was 4,270,000, and 
with 2 sides of the chamber counted, the number of cells seen, n, would be 
about 800; this gives a theoretical error of ±3.5 per cent. The standard 
error of the discrepancy between the count obtained directly and the count 
calculated from opacity, however, is ±0.545/4.27, or ±12.7 per cent, and 
so it is unlikely that the error of direct counting goes more than about half- 
way towards accounting for the standard error of the discrepancy. Errors 


® Numerically the value of tr for the 1st setting with either the red or the green 
filter and a NaCl suspension mediiun is smaller, but not significantly so, and the 
stirring variations are more pronounced (table 2). All the stirring effects described 
here are quite different from the ‘‘spontaneous changes in light transmission” de- 
scribed by Kesten and Zucker (1928) ; the latter are observed after 2 to 3 hours, and 
are apparently due to the cells assuming the spherical form. They result in an in- 
crease in the opacity. 
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due to diluting and to obtaining a good sample of blood are common to 
both direct counting and opacimetiy, and so cannot be held responsible. 

Remarlcs of a similar kind applj'^ to the relation between opacity and 
percentage volume as found by the hematocrit. Citrate-formol is again, 
the preferable medium, and the red filter preferable to the green one, but 
the standard error of the discrepancies amounts to ±2.7 units of volume. 
The hematocrit method may not be a veiy reliable one, but when used for 
relative purposes its standard error is certainly less than this. 

There is every reason, indeed, to believe that the opacity of a red cell 
suspension is a function of several variables other than number and size 
(e.g., shape, refractive index differences, etc.), and perhaps the clearest 
ertdence of this is that the correlation coefficient between the opacity as 
measured in citrate-formol and the opacity as measured in NaCl is only 
0.9 ± 0.03, i.e., the two sets of measurements are not measuring quite 
the same thing, and there exist factors which do not influence them both 
identically. As Shohl points out, one should not lose sight of the fact 
that a disagreement between the results of red cell counting or the hema- 
tocrit on one hand, and of opacimetiy on the other, does not mean that 
the former methods are necessarily right and the latter VTong, for the 
methods measure different plysical properties of the blood and therefore 
all the results maj’- be valid; the discrepancies, indeed, may themselves 
be significant, and may be correlated with as 3’'et unidentified differences 
in the state of the cells. Further investigation is needed along these lines. 
The question nevertheless remains: Can the opacimeter method, in its 
present form, be used to replace red cell counts and hematocrit determina- 
tions for routine clinical purposes? Because of the size of the standard 
errors, I think that the answer must be no, for there is about 1 chance in 
10 that opacimetiy will give a difference of more than ±500,000 between 
two red cell counts when none exists. Direct red cell counting has always 
the advantage that anj’- uncertainty can be removed by repeating the 
count so as to diminish the standard error, which can theoreticallj’^ be re- 
duced indefinitelj'- by increasing n. For this reason it must remain the 
standard method. 

The results do not throw much light on the nature of the stirring effects 
m suspensions, but several points emerge quite clearly. 1. The opacity 
of suspensions of red cells in citrate-formol is alwaj^s greater than that of 
cells in NaCI, in part at least because the cells swell in citrate-formol 
(Shohl, 1940, Ponder, 1940). l^^iether the swelling is great enough to 
account for the opacity difference (opacity in citrate-formol = 1.48 times 
opacity in NaCl, on the average) is not clear. 2. With a very few excep- 
tions, the stirring effects are alwaj’^s such as produce a greater opacity, 
and they are larger and more variable in NaCl than in citrate-formol. 
Their effect is just the opposite from the stirring effects met with in con- 
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ductivity work, where stirring produces a small decrease in resistance and 
capacity, or an increased conductivity (Frickc and Morse, 1925). 3. The 
elTects on opacity and on conductivity are mucli greater than can be ac- 
counted for by changes in the orientation of individual cells. If we have 
a suspension of red cells in the path of a parallel beam of light or between 
two parallel electrodes, the opacity and resistance will depend, in a complex 
manner, on the effective area or “target area” which the cells present in 
in the direction of the light, or of the cun-ent flow. To take extreme in- 
stances, all the cells might be oriented edge-on or all oriented face-on, 
and in the former case the opacity and resistance would be expected to 
be less than in the latter since the target area is smaller. In any real case 
the target area S will be somewhere between the two extremes. If >S is 
the maximum target area of the single discoidal cell of radius r (s = ttt-), 
it can be shown (Cox, 1941) that S — Ns/2 and that its fractional mean 
square deviation is l/SN, where is a number of cells oriented at random. 
This deviation is far too .small to account for the effects of stirring on the 
basis of chance changes in the orientation of single red cells. We have 
rather to supiiose that there is orientation of masses of cells on a large 
scale, the orienting forces being presumably currents in the suspension 
fluid (cf. Gorin and Vclick, 1940). In this connection it may be remarked 
that in a suspension at rest the gravitational forces are not great enough 
to orient the cells in the position of greatest hydrodynamic stability, i.e., 
on the flat; stirring accordingty produces a change from a state of ran- 
domness to one of orientation, and not vice versa, as is often implied. 

SUMMARY 

Although the number of red cells and the percentage volume occupied 
by them can be found approximately by measuring the opacity of a sus- 
pension, the fact that the opacity is a function of variables other than num- 
ber and size leads to results which often are in poor agreement vuth the 
results of direct counting and of hematocrit determinations. The standard 
error of the discrepancies between the count obtained by duect counting 
and that calculated from opacimetiy is about ±500,000, and that of the 
discrepancies in percentage volume about ±2.7 units of volume. 

A solution of isotonic sodium citrate vuth 0.1 per cent formol added is 
preferable to isotonic NaCl as a suspension fluid for opacity measurements, 
but only because the variations in light transmission which accompany 
stirring are greatly lessened. These stirring effects seem to be due to the 
orientation of masses of cells by currents in the suspension medium. 

REFERENCES 

Cox, R. T. Privately communicated. 1941. 

Drabkin, D. aot> R. B. Singer. J. Biol. Chem. 129: 739, 1939. 



DETERMINATIOK OF NUMBER OF RED BLOOD CELLS 


745 


Fricke, H. and S. Morse. J. Gen. Physiol. B: 153, 1925. 

Gorin, M. H. and S. Velick. J. Gen. Phj'siol. 28: 753, 1940. 

Holker, j. Biochem. J. li: 226, 1921. 

Kestbn, H. D. and T, F. Zucker. J. Physiol. 87: 263, 192S-29. 

Mestre, H. Cold Spring Harbor Symposia 3: 191, 1935. 

Oliver, G. J. Physiol. 19: xvi, 1895. 

Ponder, E. This Journal 111: 99, 1934. 

Cold Spring Harbor Symposia 8: 133, 1940. 

Ponder, E., M. Dubin and A. S. Gordon. This Journal 108: 125, 1934. 

Ponder, E., G. Saslov and M. Schveizer. Quart. J. Exper. Physiol. 21: 21, 1931. 
Shohi., a. T. j. Lab. and Clin. Med. 26: 1325, 1940. 

“Student.” Biometrika 6: 351, 1906. 



so:me effects of cobalt and liver substance on 

BLOOD BUILDING IN DOGS^ 


D. V. FROSTS, E. H. SPITZER, C. A. ELVEHJEM axd E. B. HART 

From ihe Department of Biochemistry, College of Agriculture, University of Wisconsin, 

Madison 

Accepted for publication August 6, 1941 

Polj^cj’^tbemia was first produced in rats by cobalt feeding in 1929 by 
Waltner and Waltner ( 1 ). This observation bas been confirmed vith rats 
and extended to dogs, pigs, rabbits, guinea pigs, mice, frogs and chickens. 
Thus, cobalt seems to possess the general biologic property of stimulating 
erythrogenesis when fed in physiologically massive doses. 

The etiolog}" of pol3’’cytbemia is little understood. Although cobalt 
feeding, lowered oxygen tension, or extended regular muscular exercise, 
all stimulate the development of polyc3^themia, their exact modes of action 
are not known. Orten ( 2 ) suggested that cobalt causes vasodilatation, thus 
producing anoxemia, which constitutes a primar}' hematopoietic stimulus. 
jN'Iascherpa ( 3 ), who first reported cobalt pol3’’C3dhemia in dogs, observed 
hyperplasia of the bone marrow and considered the action of cobalt to be 
directl3'^ on the eiythropoietic centers. Kleinberg, Gordon and Charipper 
( 4 ) produced anemia in rabbits by bleeding and b3’’ benzol injection, and 
induced rapid erythropoiesis b3" injection of cobalt. The3' concluded that 
cobalt stimulates the formation of er3'throgenic precursors in the bone 
marrow. 

Recent^’- Davis ( 5 ) and Brewer ( 6 ) have contested the fact of whether or 
not a true pol3’’C3’’themia is obtained uniformly and maintained consistently 
in dogs fed high levels of cobalt. Bi-ewer ( 6 ) subjected his ovm and Davis’ 
data to statistical anal3’^sis and concluded that cobalt feeding actual^'’ 
caused a depression in blood values in some cases, although in general it 
caused a slight increase. 

A satisfactoiy theoiy for the action of cobalt, or, for that matter, an3'- 

1 Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 3Ve are indebted to Dr. David Klein, Wilson Laboratory, for 
generous supplies of liver extract. 

A preliminary report of this investigation was presented at the Toronto Meeting 
of the American Society of Biological Chemistry, April, 1939 (Frost, D. V. and C. A. 
Elvehjem, J. Biol. Chem. 128: x,\i, 1939). 

^ Now at Abbott Laboratories, North Chicago, Illinois. 
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causative factor of potycythemia is difficult to formulate mth the facts at 
hand. Most reports of experimental work dealing vdth the condition fail 
to take account of the variable effect diet may play and it seems quite 
probable that this will need to be more fulh’’ understood and placed under 
experimental control before the picture of the ph3^siological control of 
hematopoiesis can be assessed. In an3’' condition, however, the possibiht3' 
for uncontrolled variation is certainl3" large. 

In studies extending over a period of five 3^ears in this laboratoiy the 
adequacy of milk diets vfith added iron, copper and manganese (7, 8) to 
support hematopoiesis in dogs has been demonstrated. Recentl3’’ (9) the 
question of the need for cobalt for rapid blood formation was studied using 
this diet. Although some evidence indicated a stimulating effect of small 
amounts of cobalt on the rate of hematopoiesis, definite conclusions could 
not be drawn as to its essentialit3L The adequac3'^ of milk ivith added iron, 
copper and manganese was perhaps best shovm b3’’ experiments (10) de- 
signed to compare the effect of iron and copper versus whole liver substance 
to support blood building. Copper and iron appeared to be about equal 
to liver in this capacit3' in these experiments. Thus there appeared to be 
no evidence for the existence in liver of special hematopoietic factors not 
supplied in adequate amount b3’- milk. That liver does contain factor(s) 
qualitativeb'’ or quantitativel3’' different from those in milk which can have 
a very profound effect on the hematopoietic function was discovered quite 
unexpectedl3L 

During the course of experiments (9) to determine the need for cobalt 
in dogs on milk diets we produced anemia in several adult dogs b3'' phle- 
botom3L One of the dogs was fed a high level of cobalt about three weeks 
after severe anemia had been produced. The cobalt feeding had an 
apparent adverse effect on the appetite and general condition of the dog, 
iDut this was not surprising. However, the failure of iron and copper addi- 
tions to initiate hematopoiesis after the cobalt feeding was indeed surpris- 
ing, particularl3' in view of the fact that littermates which had been phle- 
botomized at the same time showed t3qfical excellent responses to copper 
and iron alone. The continued failure of the dog on the cobalt, iron and 
copper regimen suggested the idea that cobalt feeding under these condi- 
tions might create an unnaturall3’^ large demand for certain hematopoietic 
precursors. The most likely material to test for such precursors was whole 
liver substance, and the response of the dog to liver feeding, despite con- 
tinuation of the other therapy, was profound both as to the effect on 
general health and rate of hematopoiesis. The above experiment and 
further experiments of this type are described more completely below. 

The finding that liver overcomes an apparent inhibition to hematopoiesis 
induced by cobalt stimulated our interest in the recent work of Davis who 
had reported results vnth. cobalt and liver feeding which appeared in almost 
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direct antitliesis to our results. Davis (5, 11) reported a stimulation of 
blood formation induced by cobalt feeding and a subsequent decrease when 
liver was added. In order to test the polycjd^hemia producing potency of 
cobalt in dogs on milk diets we conducted the experiments described below. 
It was hoped that these experiments would serve also to throw some light 
on the controversial findings of Davis (5) and of Brewer (6). 

Experimental. Methods. In the case of the adult dogs used in this 
study blood samples were obtained from the radial vein while blood from 
the younger animals was draA\m from the jugular vein. In all cases 5 to 10 
cc. of blood was drawn into the non-shrinking oxalate mixture described by 
Wintrobe (12). Hemoglobin, hematocrit and erythrocyte measurements 
were made ivithin one hour after sampling. Hemoglobin concentration was 
measured bj' a method adapted to the Evel^yn photoelectric colorimeter and 
the percentage volumes of packed red cells were determined bj’’ means of the 
Wintrobe hematocrit tube (13). Haj^em’s solution was used to dilute the 
blood for the erythrocyte counts which were made on a Spencer Bright- 
Line hemocjdomcter. Mean corpuscular volume, mean corpuscular 
hemoglobin and mean corpuscular hemoglobin concentration calculations 
were made by the method suggested by Wintrobe (14). 

Inhibition of hematopoiesis hj cobalt feeding. The following experiments 
were carried out on four separate dogs at different times, but the methods 
used were comparable and the experiments can be described together. 
The dogs were all about one 3’’ear of age and had received only milk vdth 
iron, copper and manganese from infanejL All of them had been cured of 
two successive anemias with copper and iron and were normal when the 
experiment was begun. Each dog was placed on a diet of milk alone and 
was bled periodicallj’^ until a stable state of anemia was reached (Hb about 
8 grams per 100 cc. blood). They were then given 4 mgm. dailj'- of 
cobalt as a solution of cobaltous chloride. This was continued for two 
weeks mthout much apparent effect, except possible'’ to aggravate the 
anorexia alreadj’^ apparent due to the anemia. After two weeks of cobalt 
feeding, iron and copper were added at levels of 30 mgm. and 4 mgm. 
respectively daily. No beneficial effect was noted during the following 
two week period of iron, copper and cobalt feeding. In the case of dog 2, 
in which the effect was first noted, the iron level was increased to 60 mgm. 
dailiq without apparent benefit to the dog. After two weeks of iron, copper 
and cobalt therapj’’, the supplements of the individual dogs were varied. 
Dog 2 was given 100 grams of whole dry liver and dog 4 was given 20 grams 
of liver extract (1 : 20 powder) in addition to the previous therapj^ In each 
case an increase in appetite, w'eight and hemoglobin level ensued. The 
magnitude of the increases is seen in figure 1. 

Dogs 6 and 13 were carried for a considerable period without any therapy 
in addition to the iron, copper and cobalt. Various supplements were 
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tried over a period of months and finallj’- the dogs were brought to normal 
bj’’ the addition of liver fi-actions. 

Production of polyctjthemia in adult dogs by cobalt feeding. The average 
blood picture of five adult dogs maintained on milk vdth added iron, copper 
and manganese is shovm in table 1. The average hemoglobin level, 
eiythroc 3 de count and hematocrit per cent of these dogs compare favorably" 
with the averages found bj’’ Bruner and Wakerlin (15) for normal adult 
dogs. Addition of 3 to 6 mgm. cobalt per kilogram of bodj^ weight to the 
regular dail}’’ supplement of 30 mgm. iron, 3 mgm. copper and 3 mgm. 
manganese resulted in a large increase in blood values in the first fewda 3 '-s 



Fig. 1. The effect of liver and liver extract on anemia produced bleeding and 
resistant to iron, copper, manganese and cobalt. 

of cobalt feeding. The highest values obtained b 3 ’’ this procedure were: 
hemoglobin 20.6, hematocrit 65, and eiythroc 3 de count 11.6. Generally 
the blood values decreased gradual^ despite continued cobalt feeding until 
the blood picture was nearly normal at the end of three or four weeks. The 
fact that a clear-cut pobTythemia was obtained during the first three 
weeks of cobalt feeding is shown in table 2. The calculated corpuscular 
values for the polycythemic bloods are probably not significantly different 
from those of the normal bloods. 

The addition of 75 grams of fresh calves’ liver, 25 grams of whole dried 
hog liver, 8 mgm. chohne per kgm. of body weight, or 60 mgm. of crystalline 
vitamin C daib' did not appear to cause a more rapid lowering in polycy- 
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themic blood values than naturally occurred over a period of 3 to 4 weeks. 
The addition of liver improved the general condition of pol 3 X 3 dhemic dogs 
as evidenced b 3 ’’ weight gain and, if an 3 dhing, caused the pol 3 'C 3 'themia to 
be maintained. 

Effect of hi{jh levels of cobalt in young dogs. Considerable data have been 
obtained (7, 8, 9) on the normal rate of hemoglobin production in 3 'oung 
dogs on milk diets vnth added iron, copper, manganese and traces of cobalt. 
These studies have revealed a slow prolonged rise to normal adult blood 
values during growth, a phenomenon common to most animal species. 


TABLE 1 

Blood -picture of five adtdt dogs on a mineralized milk diet 
Composite of a large number of analyses 


MEASUREMENT 

MEAN 

! 

MAXIMUM 

5IINIMUM 

Erythrocytes, million per emm 

6.97 

7.8 

6.1 

Hemoglobin, grams per 100 cc 

14.29 

17.5 

11.5 

Hematocrit, per cent 

43.3 

52 

39 

Mean corp. volume 

62 

83 

55 

Mean corp. Hb 

21 

26 

17 

Mean corp. Hb cone 

33 

34 

27 



TABLE 2 

T-ypical average blood values in first three -weeks of cobalt feeding in adult dogs 
maintained on milk plus iron, copper and manganese 


INDEX 

DOQ 19 

DOG i 

DOG 6 

Erythrocytes, million per emm 

9.2 

8.4 

7.7 

Hb, grams per 100 cc 

18.1 

19.8 

16.9 

Ht, per cent 

55 

58 

52 

Mean corn, volume 

60 

69 ! 

68 

Mean corp. Hb 

19.7 

23.6 

22 

Mean corp. Hb. cone | 

33 

34 

33 






This apparent ph 3 ’^siological lag phase ma 3 ’^ be largeb’’ independent of the 
nutrition of the animal and we desired to stud 3 ’’ the effects of high levels of 
cobalt during this stage. As the following experiments show, cobalt at 
levels which produce transient pol 3 '-c 3 ’-themia in adult dogs, does not stimu- 
late blood production in 3 '’oung dogs and is furthermore quite toxic. 

Puppies were raised for this experiment in customary fashion on adequate 
levels of iron and copper and milk ad libitum. At 15 weeks of age dogs 26, 
27, 29 and 30 were fed daib'- 80 mgm. of cobalt as cobaltous chloride in addi- 
tion to 10 mgm. of iron and 2 mgm. of copper. Blood indices showed no 
significant change over a two week period of therapy. At 17 weeks of age 
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the iron supplement was raised to 30 mgm. daily and 2 mgm. of manganese 
was administered. No significant change in blood values was noted over 
two weeks of therapy. However, toxic symptoms began to appear at this 
point. Loss of weight, anorexia and vomiting were noted. The dogs were 
taken off therapy at 19 weeks of age. 

At 20 weeks of age dogs 26 and 29 were fed daily 30 mgm. of iron, 2 mgm. 
of copper, in addition to 2 mgm. of manganese and 10 grams of brewer’s 
yeast. After two weeks of therap 3 ’', the blood indices showed no significant 
changes but the dogs returned to normal in respect to dailj’’ weight gains 
and appetite. At 22 weeks of age dogs 27 and 30 were fed dail}'' 30 mgm. of 
iron, 2 mgm. of copper and 2 mgm. of manganese in addition to 40 mgm. 
of cobalt. The dogs maintained their weight and appetite but the eryth- 
rocyte count fell from an average of 5.7 to 4.9 million per cubic milli- 
meter of blood. Also at 22 weeks of age dogs 26 and 29 were fed daily 40 
mgm. of cobalt in addition to iron, copper, manganese and 3 ’-east. No 
toxic symptoms were noted and eiythrocyte counts remained relatively 
constant. At 24 weeks of age dogs 27 and 30 were given daily supplements 
of 10 grams liver extract (no. 343) in addition to 30 mgm. of iron, 2 mgm. 
of copper, 2 mgm. of manganese and 40 mgm. of cobalt. 

No significant changes in the blood indices of the dogs were noted during 
the periods of high cobalt feeding. The general condition of the animals 
improved when the cobalt therapy was suspended. The yeast and liver 
additions were perhaps too small to cause any significant changes in the 
blood picture in the presence of cobalt. Data for one dog in each pair are 
sho\TO in table 3. 

Discussion. The results of our experiments on the polycythemia 
producing effect of cobalt cannot be safely compared mth those of Davis 
(5) and Brewer (6) because of the difference in basal diets used. The 
general agreement is made, however, that polycythemia can be produced 
in adult dogs by cobalt feeding. Our results indicate that this is not true 
for young growing dogs and that in adult dogs the effect is transient. 

The ability of liver to overcome cobalt inhibition to normal hematopoiesis 
in dogs made anemic b 3 ’^ hemorrhage is of intere.st because the notion has 
long been held that liver contains a substance wliich is concerned with the 
maintenance of the level of erythroc 3 des in the blood. Anderson, Under- 
wood and Elvehjem (16) have stabilized cobalt polyc 3 dhemia in rats b 3 ’' the 
addition of liver and liver fractions to mineralized milk diets. Davis has 
attributed a polycythemia depressing action to liver, and more specifically' 
to choline (11) and vitamin C (17). Verzar (18) and Zih (19) have shown 
the er 3 ’-thropoietic and ery thropenic action of bilirubin in rabbits. Barron 
and Barron (20) found that ascorbic acid prevents cobalt polyc 3 dhemia in 
rabbits and suggest, therefore, that ascorbic acid is a regulator of red blood 
cell production. 
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Other experiments support the view that physical factors are important, 
at least in initiating erythrogenesis. Gordon and Kleinberg (21) have 
shovm that guinea pigs subjected to low pressures develop erythremia, and 
their experiments indicate that when the bone marrow is stimulated ex- 

TABLE 3 


Blood changes in young dogs on high levels of cohalt 








RED 

Hb 

MEAN 

MEAN 

MEAN 

DOG 

SUPPLEMENT 

AGE 

C 

K 

Hb 

Ht 

BLOOD 

CELLS 

IN 

DOGS 

COP.P. 

Hb 

CORP. 

VOL. 

Hb 










coxc. 



ireeis 





Qrems 




26 

Fe 10 -f- Cu 2 -1- Co 0.1 

13 

5.3 

14.3 

41 

6.1 

60 

23.4 

67 

35 


Fe 10 + Cu 2 -1- Co 80 

15 

6.0 

12.8 

39 

5.9 

61 

21.6 

66 

33 


Fe 30 -h Cu 2 + Mn 2 

17 

6.0 

12.9 

39 

5.8 

62 

22.0 

67 

33 


+ Co 88 

Off therapy (toxicity 

19 

6.7 

12.5 

39 

6.6 

67 

19.0 

59 

32 


sj^mptoms) 

Fc 30 -f Cu 2 + Mn 2 

20 

5.5 

13.7 

44 

6.8 

60 

20.0 

65 

31 


4- yeast 10 grams 

Fe 30 + Cu 2 -f Co 40 

22 

6.8 

12.6 

39 

6.5 

68 

20.0 

60 

32 


-f- Mn 2 4- yeast 10 
grams 

23 

7.7 

12.2 

40 

6.2 

75 

20.0 

65 

30 



24 

1 

7.1 

13.7 

41 

5.9 

78 

23.0 

70 

33 

30 

Fe 10 4- Cu 2 

13 

6.0 

13.5 

39 

5.6 

65 

24.0 

70 

85 


Fe 10 4- Cu 2 4- Co 80 

15 

6.7 

13.9 

38 

5.2 

74 

27.0 

73 

37 


Fe 30 4- Cu 2 4- Mn 2 

17 

6.3 

15.2 

44 

7.1 

77 

21.0 

62 

35 


4" Co 80 

Off therapy (toxicity 

19 

5.8 

16.0 

47 

7.6 

74 

21.0 

62 

34 


sj-^mptoms) 

20 

0.6 

15.3 

47 

6.4 

69 

24.0 

74 

33 


Fe304-Cu24- Mn 2 

22 

6.8 

12.9 

38 

5.3 

69 

24.0 

72 

34 


4- Co 40 

23 

7.5 

12.1 

37 

5.0 

73 

24.0 

74 

33 


Fe 30 4- Cu 2 4- Mn 2 

24 

7.4 

13.7 

41 

4.9 

81 

28.0 

84 

33 


4- Co 40 4- 10 grams 
L.E. ^343 

25 

7.35 

14.7 

44 

5.4 

86 

27.0 

81 

33 



26 

8.2 

12.9 

1 

43 

5.4 

85 


80 

30 


cessively, it possesses a momentum which carries it be 3 ’’ond its normal limits 
of erythrogenesis. 

The failure of copper and iron to initiate hematopoiesis in phlebotomized 
dogs fed cobalt, and the profound response to liver strongty supports the 
idea that liver contains something other than iron and copper which is in- 
timately concerned with stimulation of the blood forming centers. 
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"Whether this substance is generally required in nutrition or whether it is 
of horrnonal nature is not knomi. Preliminar}'’ evidence has been obtained 
that the pernicious anemia principle from hver is not involved. Vitamin 
Be appeared to cause some stimulation, but the response was not as great 
as that obtained mth liver or liver extract (1 : 20 powder) . 

The importance of the ration in this type of studj’^ cannot be overesti- 
mated and it is questionable whether the results obtained with milk diets 
can be extended to other adequate diets. Although milk plus iron, copper 
and manganese supports a high rate of hematopoiesis in normal dogs, it 
differs in blood building properties from liver on a quantitative basis and 
possibl 3 ' on a qualitative basis as well. 

SUMaiARY 

1 . An inhibition of the normal hematopoietic response to iron and copper 
feeding was observed in dogs made anemic bj”^ hemorrhage and fed cobalt 
prior to the addition of iron and copper. Hematopoietic actmtj’- was 
resumed on the feeding of whole diy liver or liver extract. The com- 
pound(s) in liver which cause this profound hematopoietic response have 
not been determined. 

2. A temporaiy pol 3 ’’C 3 ’’themia was produced in adult dogs b}" feeding 3 
to 6 mgm. of cobalt per kgm. of bodj"- weight in addition to the usual 
mineralized milk diets. 

3. High levels of cobalt had a toxic effect on jmung growing dogs and 
little apparent effect on the blood picture. 
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In the course of experiments in which attempts were made to produce 
chronic edema the procedure of ligation of the iliac vein with injection of 
various materials distally into the vein was initiated. In a number of 
instances marked edema of the legs developed and associated with this 
the animals died within 24 hours, sometimes within 4 to 6 hours. The 
possibility of shock as the cause of death suggested itself and this was 
investigated in a series of 8 dogs. 

Method. The dogs were anesthetized vdth ether. The common and 
internal iliac veins were ligated aseptically on one side using a retro-peri- 
toneal approach; this was followed by the injection distaUy into the ex- 
ternal iliac vein of 12 to 15 cc. of an autoclaved 1 : 20 suspension of lamp- 
black in physiological saline solution. The duration of the anesthesia 
was between 30 and 45 minutes. Several types of measurements were 
made at frequent intervals and compared with control observations made 
before the anesthesia and operation had been undertaken: a, arterial blood 
pressure measurements, using the Hamilton needle manometer technique 
(1), the needle being inserted in the contralateral femoral artery; h, heart 
rate, calculated from these records; c, hematocrit determination, using the 
method recommended by Scudder (2); however, blood was drawn from 
the femoral artery because of the difficulty of obtaining blood from the 
collapsed veins late in the course of the experiments; d, total plasma pro- 
teins, determined by the Kjeldahl method (3); e, rectal temperature; /, 
respiration, bj’' timing with a stopwatch; g, measurements of the limb cir- 
cumference of both hind legs as a crude guide to the development of edema. 
After the death of the animal, each of the hind limbs was disarticulated 
at the symphysis pubis and hip-joints, being sure to include the gluteal 
muscles, and then weighed. 

Results. The leg with the occluded veins became markedly enlarged 
and colder than the contralateral limb. The animals became listless and 
quiet, even during the manipulations of taking the various readings. 
Respirations usually increased in rate, especially toward the end when they 
became shallow and panting. Retching and vomiting usually occurred 

1 Aided by the A. D. Nast Fund for Cardiac Research and the Otto Baer Fund. 
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temiinallj^ as well as C 3 ^cling and spasmodic movements. Death was 
respiratorj^ cardiac standstill being delayed for several minutes. 

There was no significant change in the rectal temperature throughout 
the experiment. 

The changes in the total plasma protein, from blood taken at the begin- 
ning and at the end of the experiment, were not marked and probably 
within the experimental error of the determination. In 2 dogs total pro- 
tein determinations were made at frequent intervals during the course of 
the experiment. Since onlj" slight alterations were observed, it would 
appear that the capillaries of the limb with occluded veins lost their im- 
permeability to the blood proteins carty. The fluid lost from the blood 
therefore appears to be practicall 5 '^ a plasma. 

The blood pressure fell progressivelj’’ to shock level ; at first this affected 
the sj’-stolic and pulse pressure more than the diastolic. In part this was 
due to the marked acceleration of the heart, in part to the decrease in blood 
volume reaching the heart due to a loss of plasma as shown bj’’ the hema- 
tocrit. In the two animals which sur^uved longer, there was a tendencj’- 
for the blood pressure to rise in the last hour before death (fig. 1). 

The heai-t rate increased after the operation and remained elevated until 
shortly before death when a final slowing occurred. In three of the ani- 
mals slowing was noted to occur in the last hour of life. 

In all instances there was a progressive hcmoconcentration as measured 
by the hematocrit, and usually there was a terminal tendency for this to 
return toward normal. This hcmoconcentration indicates a loss of plasma 
fluid into the edematous leg. The factors involved in the final decrease 
in the hematocrit appear to be: 

1. A movement of fluid from other extracellular spaces to replace that 
lost into the edematous limb. 

2. The inci’ease in tissue pressure in the edematous leg lessening the 
movement of plasma out of the blood stream. 

3. The development of hemoirhages. 

The inci'ease in the weight of the edematous leg over the contralateral 
one was remarkable as shown in table 1. The values range from 4 per- 
cent to 6.1 per cent of the body weight. It is significant to note that 
there was a rough inverse ratio between the relative amount of fluid lost 
in the leg and the duration of life after operation. The loss of fluid thus 
amounted to approximately 50 per cent to 75 per cent of the usually ac- 
cepted blood volume. It follows that this would cause not only the blood 
hcmoconcentration found and a sharp drop in the circulator}'’ blood volume 
but would of necessity draw upon the extracellular fluid reservoirs. This 
implies that one is dealing with a state of body dehydration and the con- 
ditions resulting from it.^ 

Figure 2 represents one of the experiments in which muscle biopsies were 
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taken from the edematous leg. The histological sections are shown in 
figure 3. From such studies, the follovdng sequence appears to have oc- 
curred. At first, slight distention of the capillaries was revealed wdth the 
presence of edema fluid in their vicinity. Later, the distention of the 



Fig. 1. A typical chart of events following almost complete venous occlusion in 
one hind limb. S = systolic blood pressure; D = diastolic blood pressure. Weight 
of dog, = 12.7 kgm. Weight of disarticulated left leg (with venous ocelusion), 
= 1.567 kgm. Weight of disarticulated right leg (control), = 1.064 kgm. Difference 
in weight, = 0.503 kgm. 

Fig. 2. Another typical experiment, conventions as in figure 1. Weight of dog, 
= 13.6 kgm. Weight of disarticulated left leg (with venous occlusion), = 2.305 
kgm. Weight of disarticulated right leg (control), = 1.568 kgm. Difference in 
weight, = 0.737 kgm. Muscle biopsies were taken from the leg with venous occlusion 
at the times indicated, and these, as rvell as sections taken at autopsy, were examined 
histologically. 

capillaries and veins became more pronounced. When the dog Avas in 
shock, red blood cells appeared between the individual muscle fibers and 
in the intermuscular septa, and recent thrombi containing numerous lamp- 
black particles were seen in the veins. The hemorrhages became pro- 
gressively greater until death supert^ened. 
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TABLE 1 


TVEianx OF ANIMAIi 

INCUEA8E IN WEIGHT OF EHEMATOUB EEC OVEH 
CONTUAEATERAL ONE 

1 

duration or eife 

AFTER operation 

kgm. 

grams \ 

per cent body weight 

hours 

10.9 

G6S 

G.l 

41- 

9.5 

570 

G.O 

5 

11.8 

57G 

4.9 

51 

13. G 

737 

5.4 

G 

13.2 

702 

5.3 


15.4 

750 

4.8 

! 9§ 

10.5 

45S 

4.3 

10 

12.7 

503 

4.0 

CO 



Fig. 3. Photomicrographs of biopsies of leg with venous occlusion, A, B, C, and of 
autopsy section from this leg, D, and from the contralateral control leg, E (Wcigert’s 
iron hematoxylin-eosin stain: X 110). Segment A shows in upper left hand corner 
slight dilatation of capillaries with surrounding edema. Segment B shows marked 
dilatation of the capillaries and veins. Segment C shows red blood cells between the 
individual muscle fibers and in the intermuscular septa; the vein contains a recent 
thrombus in which are numerous lampblack particles. Segment D shows even more 
hemorrhages between the muscle fibers and in the intermuscular septa, as well as a 
recent thrombus in the vein. Segment E shows no histopathologic changes. 
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Post-mortem examinations of the other organs showed several definite 
changes. The suprarenal glands revealed var3dng degrees of hyperemia 
and occasionaUj’- microscopic hemorrhages. These hemorrhagic areas 
were confined to the zona fasciciilata and contained many polymorpho- 
nuclear leukocjdies. There was marked dilatation of the central veins 
and sinusoids of the liver, and occasional!}’- hj’^peremia of the capillaries of 
the lung and intestinal mucosa. The brain removed from one of the ani- 
mals was veiy pale, and there was no gross or microscopic evidence of 
capillary dilatation or hemorrhage. The remaining organs presented no 
significant changes. 

Discussion. These expeiiments illustrate that an extremel}’- large 
amount of fluid can be accumulated in a limb when its venous channels 
are fairly completely occluded; sufficient, in fact, to cause hemoconcentra- 
tion, a drop in blood pressure to shock levels and S3’-mptoms and signs of 
shock terminating in death. It is possible that on rare occasions an ex- 
tensive thrombophlebitis of the common iliac vein in man, developing 
very rapidly, may lead to death in a like manner. Such appeared to be 
the case in a patient recently repoited by Phemister (4). A woman de- 
veloped a rapidl}'- increasing swelling of one leg and died within 24 hours 
in shock. At autops}^ a fresh thrombophlebitis completely blocking the 
common iliac vein and partly blocking the inferior vena cava was found. 
From measurements of the lower limbs, it was calculated that the volume 
of the limb vith the thrombosis was about 4 liters greater than the contra- 
lateral one so that the immediate cause of death appeared to be due to 
the great loss of plasma into the occluded limb. 

The procedure carried out in these experiments seems to offer a simple, 
certain method of inducing a state of shock and so lends itself readily to 
the utilization of the study of the sequence of events that occur and as a 
simple procedure to test the efficacy of some forms of suggested shock 
therapy. 

It illustrates the magnitude of fluid loss from the rest of the body which 
can be accomplished by such a procedure and lends support to the most 
■\rtdely accepted -sdew held at present, name!}'-, that such localized fluid 
loss is the primary, or, at least, the most important factor involved in the 
production of shock (5). Apparently, in these experiments it was the fluid 
loss per se that established the chain of events leading to shock and early 
death. 

The dynamics involved in the accumulation of the fluid locally are ap- 
parent. The ligation of the major veins of the limb by themselves, we 
have found, does not cause edema, or only a slight and transient edema. 
Apparently there is a widespread reserve of collaterals that quickly com- 
pensates for the occlusion and permits the blood drainage to be quickly re- 
established. The injection of lampblack seems to form foci for the forma- 
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tion of thrombi resulting in the plugging of the majority of these collaterals. 
As a consequence, drainage of blood is slowed dowm markedly. The blood 
vessels in the leg, therefore, change quickly from a hydraulic S 3 'stem vath 
blood in motion to a pracfcicallj'- hydrostatic one with little flow. This 
implies that the gi’adient of pressure normally existent from the arteries 
to the veins disappears to a large extent. As a result, the pressure in the 
capillaries vill tend to approach the pressure in the aiteries and this would 
cause the h 3 ’^drostatic factor to increase over the oncotic and thus lead to 
the pouring out of fluid into the log tissues. Two circumstances would 
tend to limit this fluid escape. The first is the increase in tissue pressure; 
the second, the increase in oncotic pressure as fluid escapes and blood pro- 
teins do not. However, the stasis itself would quicld}' alter the permea- 
bility of the capillaries and so permit the protein also to escape, as our 
blood protein studies suggest. In fact, this damage to the capillaries 
soon becomes sufficient to allow the escape of blood and so lead to the 
hemorrhages, which were actually’’ found to be extensive. 

As a result of this fluid loss the entire picture of shock developed and 
led to the animals’ death. 


STOOIARY 

1. Nearly complete venous occlusion of a hind limb of the dog leads to 
shock which terminates fatalty. 

2. This procedure offers a simple waj’' of studjdng the course 
of shock and the utility of some of the proposed therapeutic agents to 
counteract shock. 

3. The mechanism appears to be the marked loss of fluid into the leg, 
at first plasma and later whole blood, which amounts to from 4 to 6 per 
cent of the body weight. This loss is brought about first bj’’ an increase 
in the capillary hydrostatic pressure of the occluded limb soon aggravated 
by loss of capillary permeability. 

4. These experiments tend to support the view that the primarj’^ mecha- 
nism in shock is the local loss of fluid from the blood. 
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Addendum. Since the communication was sent to press 5 more animals were 
tested and in general the relation of duration of life after the operation to the per- 
centage loss of body fluid into the limb followed the same trend evidenced in table 1. 
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In recent years evidence has been accumulating that the ketone bodies 
are, on occasion, an important step in the catabolism of fat (1, 2). There 
is much support for the view that the liver at certaiu times partiall}’’ oxidizes 
fatty acids to form these ketone bodies which are then supphed to the other 
tissues of the body as an important fuel (3, 4). A large fraction of the 
energy turnover of the muscles may under certain conditions be supplied 
by oxidation of these substances (1, 5). It would seem hkely then that 
individuals in a state of ketosis would show a decrease in its intensity 
(which has ordinarily been measured by urinarj’- ketone excretion) as a 
result of exercise. This has not been found to be entirely the case for 
periods of exercise lasting an hour or more (6, 7). These seemingly con- 
tradictory findings maj’’ be reconciled if we can accept the assumption al- 
ready stated in papers from these laboratories (1) that muscular activity 
not only causes increased burning of these bodies but also increased produc- 
tion of them b3’' the liver. 

If these two effects are produced at the same time they would tend to 
balance each other and it would be verj’- diflficult to investigate them 
separately. If thej'^ are not simultaneous, — one being delajmd — , it should 
be possible to follow the successive opposite effects. The increased utiliza- 
tion of ketone bodies b}"" working muscles is immediate as is e^ddent from 
the observations of Blixenkrone-Moller (5) on perfused isolated extremi- 
ties and of Drury and Wick (8) on the intact subject. If there is an in- 
creased output bj^ the liver and it has a delaj’’ of over half an hour it should 
be possible to follow it since it should give a post-exercise increase in the 
blood ketone curv’-e. With the human subject we experienced difllculty in 
producing a “steadj’^” ketosis state on which we could studj’- this dela^md 
effect of exercise. One can easil}’’ produce a definite ketonemia by a fast 
of 20 hours, but at this time the level is not constant, but has a distinct, 
though not necessarily steady upward gradient. Over a three day period 
this averages 0.82 mgm. per cent per hour (9). Our subject showed a 
gradient of 2.2 mgm. per cent per hour between the 10th and 20th hours. 
Under these conditions it is easj’' to stud}’’ mechanisms which lower the 
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ketone content of the body, but it is difficult to follow those which increase 
it. One is forced to attempt to determine whether the post-exercise blood 
ketone cur\m has a steeper gradient than a control cur\m for the subject 
during the same period of fasting. 

Human experiments. In all of our human exiieriments we produced 
ketonemia by ha\dng the subject go without food for at least 15 hours. 
This was easily carried out b}’’ ha%ing him take no food after the evening 
meal of the previous day and then starting observations at 9 a. m. or later. 
At this time the blood ketone level is beginning to rise and continues to do 
so for many hours (8) . We then had the subject exercise or rest for varying 
periods to see how this upward gradient of blood ketones would be affected 
during the exercises and duiing the period which folloived. Blood ketone 


TABLE 1 


DAT 1 

DAT 2 

Time 

Blood ketones 

Time 

Blood ketones 


mgm. percent 


mgm. per cent 

9:25 a.m. 

1.8 

9:15 a.m. 

1.2 

Walking' 


Rest 

/ 

10:50 a.m. 

2.5 

10:20 a.m. 

1.2 

Walking 


Rest 


11:50 a.m. 

1.6 

11:05 a.m. 

1.3 

Rest 


Walking 


1:10 p.m. 

6.0 

1:10 p.m. 

3.4 

Rest 


Rest 


3:15 p.m. 

8.9 

2:15 p.m. 

4.8 


determinations were done by the method of Barnes and Wick (10) and are 
expressed as total ketone bodies. 

Light exercise. The first exercise studied w'as walking. This was 
studied on twm separate days a week apart. Eveiy attempt w'as made to 
keep conditions identical on the two occasions (character of food on pre\a- 
ous day, times of eating and sleeping) and the only thing that was varied 
was the times of w'alking and resting. 

Although the results of the first day might suggest an increase in utiliza- 
tion during w'alking with an increased jiroduction in the supeiwening rest 
period, the second day shows the same general upward trend at any com- 
parable period regardless of whether the subject rested or w-alked, or had 
been w^alking just before. We may conclude then that if walking does in- 
crease the utilization of ketone bodies it does so to but a small extent, and 
this small increase would be compensated for by increased production by 
the liver. 

Moderate exercise. A heavier form of exercise w'as next studied — tennis 
playing. Table 2 shows the results of our first experiment with this. 
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It is apparent that plajang tennis for this period has little demonstrable 
effect on the course of the blood ketone level. Its steadil}’^ rising trend may 
have been slightly flattened during playing. We, therefore, examined the 
effect of this fonn of exercise when continued for a longer period. Table 
3 gives the results together with a control day on which conditions were 
identical except for exercise. 

It would seem that exercise might have leveled out the upward trend 
of the blood ketones during the first hour and a half, but not after this. 
The rise between lliOI and 12:20 may represent increased production by 


TABLE 2 


TIME 

BLOOD KETONES 


mgm. per cent 

3:20 p.m. 

5.5 

4:20 p.m. 

6.4 

Tennis playing 


5:10 p.m. 

6.6 

7:05 p.m. 

12.7 


TABLE 3 


EXERCISE DAY 

CONTROL DAT 

Time 

Blood ketones 

Time 

Blood ketones 


vigm. per cent 


mgm. per cent 

9:37 a.m. 

6.7 

9:40 a.m. 

6.0 

Tennis 


11:40 a.m. 

8.2 

10:13 a.m. 

5.9 

1:00 p.m. 

19.7 

Tennis 




11:04 a.m. 

6.3 



Tennis 




12:20 p.m. 

12.8 


i 

Rest 



i 

2:05 p.m. 

19.5 


1 


the liver. The differences from the control period, however, are so slight 
that it appears again that in moderate exercise one cannot demonstrate in- 
ci’eased utilization of ketone bodies followed, bj’’ increased production of 
these substances. Both may be increased but if so they offset each other 
\’'ery close! 

Heavy exercise. With a higher rate of exercise — ranning steadily at 10 
miles per hour for 20 minutes— we obtained a definite decrease in the blood 
ketone level. This drop was followed by a sharp rise during the period 
after the exercise. See tables 4 and 5. 

The examples show the drop during the hea\’y exercise and the sharp 
rise immediately after. The control days, however, have periods during 
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which the blood ketone level rises just as steeply. We can conclude then 
that a short bout of heav3’- exercise can use up ketone bodies faster than 
they are being formed b3’' the liver. It is not possible to tell whether the 
succeeding rise due to liver production is greater than what would ordi- 
naril3'’ occur because the control periods show at times rises just as steep. 

Rat experlments. It seemed to us that the occurrence of these sharp 
rises in ketonemia on the control da3's make it ver3’’ difficult to find out 
whether there is an over-production of ketone bodies b3' the liver after 
exercise in the human. We decided then to stud3' an animal that had a 


TABLE 4 


CONTROL DAT 

j rXEUCISE DAT 

Time 

Blood ketones 

Time 

Blood ketones 


m}m. per cent 


mgm. per cent 

11:40 a.m. 

8.2 

3:40 p.m. 

11.8 

1:00 p.in. 

19.7 

4:40 p.m. 

15.7 

4:00 p.m. 

22.9 

Exercise 




5:02 p.m. 

9.6 



6:10 p.m. 

16.2 



7:15 p.m. 

IS.S 

1 

1 


8:30 p.m. 

20.3 


TABLE 5 


1 

CONTT.OL DAT j 

1 

j EXERCISE DAY 

Time 

i Blood ketones I 

1 1 

Time 

Blood ketones 


l 

! mgm. per cent \ 


mgm. per cent 

12:10 p.m. 

1 2.1 

2:25 p.m. 

4.3 

3:20 p.m. 

1 3.5 

3:25 p.m. 

7.7 

5:25 p.m. | 

i 8.0 

Exercise 



1 

3:45 p.m. 

3.7 


1 

5:00 p.m. 

7.5 


more slow and gradual rise in blood ketones during simple fasting ( 11 , 12 ). 
The rat, which as an example ma3'' have an average rate of rise in the blood 
ketone level of 0.2 mgm. per cent per hour between the zero and ninet3'- 
sixth hour of fasting, satisfies this requirement. Even more important for 
the present problem, it is possible to fast these animals for periods adequate 
to arrive at a state in which the blood ketone level reaches a plateau and 
remains practically constant ( 13 ). 

We made obsenmtions on 3 series of rats. For each series we selected a 
group of adult rats of common origin, of the same sex, approximate^’' the 
same weight and vithin thirty da3's of the same age. The3’' were aU fasted 
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the same length of time, and then divided into two parts — one for the exer- 
cise and one for the control. The rats of the foimer group were given a 
short period of strenuous exercise (svdmming) and at set times thereafter 
sub-groups of six were saciificed for individual blood ketone determinations 
upon arterial blood. Similar sub-groups of six of the unexercised group 
were sacrificed at set times for control blood determinations. In all cases 
the liver glycogen content was also determined. Male rats were used in 
experiments A and B. In experiment A the rats (average bodj’’ weight 281 
grams) were used 48 hours after their removal from the stock diet (“Tioga 
dog Pellets”, protein, 23; fat, 4; fibei*, 4; ash, 12.5; moisture, 8.5; nitrogen 
free extract, 48). The rats in experiments B (average bodj^ weight 300 
grams) and C (average body weight 202 gi-ams) were on a low protein diet 
(13) for 15 and 16 da5^s respectively and then fasted 3 days before using. 
Such a diet leads to a liigh fasting concentration for the blood acetone 
bodies (14). 

The animals were exercised bj'- swimming them in water (32°C) for five 
2 minute periods with 1 minute rest between periods. With this amount 
of exercise the rats are completely exhausted and further swimming is gen- 
erally impossible. The blood ketones were determined by the method of 
Barnes and Wick (10). Oxalated blood specimens were obtained from the 
abdominal aorta after the animals wei*e anesthetized with sodium pen- 
tobarbital. Glycogen determinations were carried out on the livers accord- 
ing to the method of Good, Kramer and Somogyi (15). 

The results are given in figure 1. Each point in a given experiment 
represents the average of the deteiminations for a group of six rats. The 
rats used in experiment A were evidently not fasted long enough to give a 
veiy high beginning blood ketone level, so the drop after exercise is not 
large. The subsequent over-production is quite definite. In the next 
series (B) we, therefore, made sui'e of an adequate beginning blood ketone 
level by feeding of a low protein diet and a longer fast. We also extended 
the time of post exercise observations. In this series we obtained a marked 
drop in blood ketone level immediately after the exercise, with a return to 
the control level one hour later. This is followed by an over-production 
phase, so that the level is much higher than the control two hours there- 
after. At six hours after exercise the level has come back to that of the 
controls. In series C we produced a still higher beginning level, extended 
further the post-exercise period and determined the blood ketones every 
hour after the exercise. The results are even more pronounced than in 
experiment B. Two hours after exercise the over-production phase has 
not only made up for the immediate drop but has taken the level to well 
above the control. From then the level continues to rise .slightly until the 
fifth hour. At the sixth and seventh hours the level is back to the control. 

The changes in liver glj-cogen content pictured in figure 1 represent 
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weighted averages of the data for experiments A, B and C in which the 
changes were of the same general nature. The liver glj'cogen level was 
fairly low to begin with because the animals were fasting. During the 
brief exercise period it fell to a reallj’ low level and remained there through- 
out the period of observations. This is not surprising for in these glj^cogen 
depleted rats the onlj’' possible source of additional carbohj’drate would be 
from protein catabolism. Although it has often been questioned, the old 
experiment of Pettcnkofer and Voit (16), who found that in stan-ation 
exercise did not increase protein metabolism, has not been disproved. 
The energ}’’ for the exercise must be supplied by an increased metabolism 



Fig.l 


of fat. The ketone bodies during exercise, when fasting, serve in part at 
least the functions of glucose during exercise in the fed organism (17-20) . 

Discussion. The results with the rat show that we can demonstrate 
clearly both increased utilization, and subsequent over-production of 
ketone bodies as a result of strenuous exercise in this animal. Hea^>y 
exercise also gives clear evidence of increased utilization vath the human, 
and it is likely that a subsequent over-production would be clearly shown 
if we had fasted the subject until he had reached the blood ketone plateau. 
Evidently, demonstration of the two processes would be difficult for lower 
rates of exercise. Here the intensities of the two effects are less and in 
order to get the definite drop in blood ketone level that is needed to prove 
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increased utilization the exercise has to be continued for such an extended 
period that we get overlapping of the increased-production mechanism, and 
in this way the results of the two actions are balanced and consequently 
hidden. 

Our results solve the problem presented by the finding of Blixenkrone- 
Moller that increased work bj'' isolated muscles increases utilization of 
ketone bodies whereas increased muscular activity by the intact ketonic 
animal does not decrease the urinary excretion of ketone bodies in the 24 
hour period. If the rate of exercise is high there is a reduction of ketones 
in the body and urine at the time, but this is compensated for by over- 
production during a period of several hours following the exercise, so that 
the total excretion during the two periods is little changed from control 
periods. It is reasonable to assume that the same mechanisms account for 
the absence of effect of less strenuous exercise continued for longer periods. 
Here the supervening increased production would commence before the 
increased utilization due to the exercise had continued long enough to have 
had a demonstrable effect. Although we can only get a separation of the 
two effects with short strenuous exercise, we have every reason to believe 
that they occur in milder forms of activity, here co-existing and offsetting 
each other. 

A word should be said as to the, possible mechanism of the action of 
exercise on ketosis. The initial fall in the ketone body level of the blood 
which results from exercise is most reasonably explained b}’- an increased 
rate of utilization. What then of the subsequent overproduction? In 
severe exercise epinephrine secretion is abundant (20, 21) and causes an 
increase in gl 3 '-cogenoiysis when carbohj'^drate for such is available. When 
there is a lack of carbohydrate, epinephrine increases ketone bodj’- forma- 
tion (22). This may well be the cause of the over-production of ketone 
bodies during and immediately after severe exercise. Epinephrine maj^ 
be an agent fof increasing the production of ketone bodies when there is a 
condition that may require a lot of them (carboh^’^drate lack), similar to 
the way in which it increases glucose production when there is a need for it 
and an ample supply of glycogen is available. 

SUMMARY 

1. With rats, in a state of ketosis, a short bout of heavj'- exercise causes 
an immediate drop in the blood ketone level. During a period of three to 
four hours thereafter there is a phase of over-production of ketone bodies 
so that the blood values for exercised animals go to higher levels than in 
controls. 

2. These results support the -vdew that in ketosis states exercise increases 
the oxidation of ketone bodies and also causes the liver to produce them at 
a higher rate. 
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3. In man these changes were not demonstrated for light exercise. The 
drop during hea\'>’’ exercise was obtained. 
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The classical concept that the fetus in utero is apneic has from time to 
time been challenged and some investigators have declared that respiratory 
movements occur rcgularlj^ throughout the latter part of prenatal life and 
represent normal phj’-siological adjustments. On the basis of observations 
made on rabbits, Snyder and Rosenfeld (1) believe that the fetus in utero 
has a definite respiratory cycle and that amniotic fluid is normally dravm 
into the alveoli of the fetal lungs. Thej’- hold further that intra-uterine 
breathing is of functional significance in the development of the normal 
lung and serves to assist in the dilatation of the alveoli and elastic passages 
of the future air passages. Contrary to this conception are the observa- 
tions made bj’- Windle and his associates (2) on fetal goats, guinea pigs and 
cats. These investigators conclude that respiratory movements occur 
in utero onlj" when abnormal physiological conditions (such as anoxia or 
hypercapnia) occur hr the fetus. Clinical observations oir the human fetus 
and new-born have led most obstetricians to consider the excessive in- 
spiration of amniotic fluid as a predisposing factor toward pneumonia or 
other respiratory infections in the new-born. A high proportion of autop- 
sies on new-born report the presence of amrriotic sac contents in the lung. 
Thus, no one doubts that mammalian fetuses are capable of performing 
respiratory movements. However, the physiological normality of this 
process has not been established. In fact, there is clinical evidence that 
the aspiration of amniotic fluid into the alveoli of the lungs may result in 
death. 

The followdng experiments were performed on rats in an attempt to 
determine the effect of inspiration of amniotic fluid on viability. 

Experimental. On the nineteenth or twentieth day of pregnancy, the 

^ Grateful acknowledgment is made to Mr. Theodor Chernikoff for technical 
assistance in these experiments. This work was aided by a grant from the Research 
Board of the University of California. Clerical assistance in the preparation of 
these materials was provided by Work Projects Administration (O.P. 65-1-08-62, 
Unit A-8). 
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maternal rat was anesthetized wth ether and the uterus exposed through 
a mid-line incision. One-half cubic centimeter of a warm sterile suspension 
of carbon in physiological saline solution was injected into the amniotic sac 
of each fetus directh" under the fore leg. Care was taken to avoid injury 
to the placenta or to any of the uterine vessels when making the injection. 
After replacing the uterus, the animal was sewed up and deliver}' followed 
within 24 to 4S hours. All animals delivered dead were immediately re- 
moved and autopsy performed. All animals born alive Avere killed after 
24 hours and autopsied. All lungs were removed and examined for the 
presence of carbon particles. When the lungs appeared pink or light grey, 
liistological sections were prepared and a microscopic examination was 
made for the presence of carbon particles in the alveoli. 


TABLE 1 



CARBON INJECTIONS 

SALINE 





Number of fetuses injected 

349 

182 

162 

Number born dead 

258 

144 

40 

Percent of total injected born dead 

69* 

79t 1 

i 

i 166 

25 

Number dead Avithin 24 hours (including 
still births) 

279 

68 

Total mortality rate (per cent) 

SO 

1 

' 91 

42 

Animals living to 24 hours 

70 

16 

87 

Per cent of animals surviving at 24 hours 
with carbon in lungs 

4 

13 j 

Per cent of total animals injected liA'ing at 
24 hours 

I 

20 

9 

58 



* One hundred per cent of the 258 still-borns showed carbon in lungs, 
t Ninety-three per cent of the 144 still-borns showed carbon in lungs. 


In experiment I, 349 fetuses were injected with a suspension of carbon 
prepared by centrifuging a 1:1 dilution of Higgins’ India Ink at 2,200 
r.p.m. for 8 hours. The supernatant fluid was poured off, diluted with an 
equal volume of water and again centrifuged. This procedure was repeated 
tvdee until the ink was diluted to approximately one-quarter its original 
concentration. 

In experiment II, a suspension of lamp black in 1 per cent gelatine was 
used for the injection. The carbon suspensions produced in this manner 
were non-toxic when injected intraperitoneall}'^ into 21-day-oId rats. 

A similar series of animals Avas run in AA'hich normal saline alone Avas 
injected into the amniotic sac. 

Results. The results of the experiments are shoAATi in table 1. In 
experiment I, 69 per cent of the 349 fetuses injected AA'ere still-born. 
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In experiment II the proportion of still births was 79 per cent. 

■ In both experiments carbon particles were found in the lungs of prac- 
tically all of the still-born animals (100 per cent in expt. I and 93 per cent 
in expt. II). If the animals which failed to survive 24 hours after birth are 
included, the mortality rate rises to 80 per cent in experiment I and 91 per 
cent in experiment II. Of the 86 animals which were still alive 24 hours 
after birth, onlj'^ 5 (or 6 per cent) showed any trace of carbon particles in 
the lungs on autopsy. 

When normal saline was injected into the amniotic sacs, only 25 per cent 
of the animals were still-born, and the total mortality rate at twenty-four 
hours was onlj’- 42 per cent, as compared vith 80 per cent and 91 per cent 
in the carbon injection experiments. 

Discussion. The results of these experiments indicate clearly that 
aspiration of large amounts of an amniotic fluid containing solid particles 
is fatal to the fetus. It may be that the stimulus to the aspiration was the 
anoxia and hypercapnia resulting from the operative procedures. How- 
ever, the normal animals, as evidenced bj'^ their survival to 24 hours after 
birth, had inspired no amniotic fluid (or at best very httle) under the same 
conditions, since their lungs showed no carbon particles. 

Since the mortality rate- was 42 per cent when saline was injected, it is 
clear that death of the fetuses in experiments I and II cannot be attributed 
entirely to the presence of foreign particles (carbon) inspired into the lungs 
with the amniotic fluid. The high mortality rate found mth the saline 
injections means that under the abnormal fetal conditions produced bj’^ the 
experimental procedure, amniotic fluid ma}’’ be aspirated in sufficient 
amounts to result in the death of the fetus. 

SuMiNLiRy. A suspension of carbon particles was injected in the am- 
niotic sacs of 431 rat fetuses one to two days 'pre partimi. Approximately 
75 per cent were still-born and only 15 per cent were living 24 hours after 
birth. In contrast, 58 per cent of a group of 162 fetuses in which normal 
saline was injected into the amniotic sac under similar conditions were 
living 24 hours after birth. Over 90 per cent of the still-born animals 
showed carbon particles in the lungs when autopsied. Since some animals 
did survive 24 hours after birth and showed no carbon in the lungs, it can- 
not be contended that aspiration of anmiotic fluid is a normal physiological 
process. The high incidence of still-births in both series leads to the con- 
clusion that the excessive respirator 3 '- stimulation resulting from the fetal 
anoxia and hypercapnia attendant on the anesthetic and operative proce- 
dure caused the animals to inspire amniotic fluid. 

- The expected still-birth rate in rats is given at 2 per cent by Donaldson. 
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CONCLUSIONS 

1. Not all fetuses aspirate ainniotic fluid into the lungs even under ad- 
verse physiological conditions. 

2. Excessive inspiration of amniotic fluid will result in the death of the 
fetus. 

3. It is higlily improbable that amniotic fluid is normally dravm into 
the alveoli of the lungs in the fetus. 
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In 1891 Munk and Rosenstein (12) reported the recovery from a chylous 
fistula of 60 per cent of the fat ingested by the subject. Since that time 
this figure has acquired an importance out of all proportion to the character 
of the experimental work upon which it was based, the assumption having 
generally been made that it actually represents the fraction of ingested 
fat absorbed into the circulation via the lymph. This has never been 
confirmed, Eckstein (5), for example, being able to recover from thoracic 
duct lymph only 4 to 21 per cent of the fat administered to dogs. Both 
in the original work and in subsequent attempts to confirm it, values have 
been referred to administered rather than absorbed fat, the fraction of the 
administered fat that was actually absorbed not having been determined. 
Hence, it is possible that all of the fat that was absorbed entered the lymph. 

By studying the changes in blood lipid concentration before and after 
ligation or cannulation of the thoracic duct or of the portal blood before 
and after administering lipids, many attempts have been made to account 
for the 40 per cent that Munk failed to recover from the lymph. The 
results are inconclusive. 

In the work reported here, we have measured the actual amount of 
administered lipid which was absorbed and determined the fraction of this 
that appeared in the thoracic duct Ijrmph. We have also measured the 
changes in the composition of the portal and femoral blood that occurred 
simultaneously. As a control the effect of the administration of non-hpid 
material on the lipid content of blood and Ijunph was also studied. 

Experimental. Well nourished young dogs weigliing from 14 to 18 
kgm. were used. From a week to ten days prior to the experiment a per- 
manent cannula, as described by Horine (7), was placed on the portal 
vein, so that repeated samples of blood could be obtained without the 

1 Aided by a grant to the Vanderbilt University School of Medicine from the 
Division of Medical Sciences of the Rockefeller Foundation. 

== The data are taken from the thesis of J. Maxwell Little presented in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy, Vanderbilt 
University, 1941. 
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necessity of an open abdomen. The animals received their last food from 
36 to 48 hours before the experiment was begun. They were anesthetized 
with either sodium barbital or Dial (Ciba) with urethane. An incision 
was made on the left side of the neck that exposed the external and internal 
jugular veins. The external vein Avas ligated distal to its junction Avith 
the internal jugular vein AA’hich Avas also ligated. The left subclaAnan and 
left innominate Amins AA'ere ligated as aa'cII as several small veins emptjnng 
into the common jugular Amin. In this way it Avas possible to cannulate 
the common jugular Amin and collect lymph from the thoracic duct. In 
each case the course of the left thoracic duct and its scAmral mouths, AA’hich 
Avere frequentlj" found, Avas determined, so that the aboAm ligations Avould 
not mterfere Avitli the floAv of lymph. 

A similar incision AA-as made on the right side and all of the vessels en- 
tering the external and common jugular and innominate Amins were ligated 
as Avell as the right thoracic duct. In this Avay entrance of lymph into the 
blood from the right duct Avas prcAmnted, while maintaining an adequate 
Amnous return from the head. 

All lymph floAAdng AA*as collected for one hour and control samples of portal 
and femoral blood Averc draAATi, after AA’hich the animal Avas giAmn 100 cc. 
of milk or cream. To avoid the uncertaint}’^ due to the emptAung time of 
the stomach, this Avas injected directl}’- into the duodenum, ex-posed by a 
small incision made in the mid-line of the abdomen, which was immediately 
closed. The milk Avas skimmed milk AA’hich had been centrifuged to remoAm 
the residual fat and yield a fluid AA'liich was nearlj’- lipid free but still similar 
to the cream in other respects. 

Ljunph Avas collected continuousl}’’ throughout the experiment in tubes 
containing 0.1 cc. of a 3 per cent heparin solution. The collections AA’ere 
diAuded into arbitrary periods representing one hour intervals for the first 
two hours and tAvo hour interAmls thereafter. The Amlume of lymph for 
each period was recorded and aliquots Avere taken for extraction. Blood 
samples Avere draiA’n at the same time intervals and Avere immediately 
centrifuged and aliquots of plasma were extracted. 

Throughout the experiment 50 to 100 cc. portions of normal saline AA’ere 
injected subcutaneously to replace approximate^’' the A’olume of fluid 
withdraAvn as Ij’^mph and blood. The experiment AA’as terminated between 
the eighteenth and tAvent3’-fourth hour after the injection of cream or 
milk. In some cases the Aoav of Ijunph ceased before the experiment ended, 
but in no case was tins due to clotting. The floAv of Ij’-mph was never 
stopped more than a few minutes bj’- the rather infrequent clots v’hich 
formed. 

The animals Avere autopsied in each case to verifj’’ the location of the 
Horine cannula and to inspect the gastro-intestinal tract. In no case 
was there evidence of cream or milk in the lower part of the ileum. In 
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those animals receiving cream the stomach and small intestine were re- 
moved and thoroughly washed with several portions of distilled water. 
These washings were collected, and examined for lipids. In order to deter- 
mine the efficiency of this recovery procedure, three experiments were 
perfoiTned in which 100 cc. of cream were injected into the duodenum. 
After ten minutes the animals were killed and the contents of the stomach 
and small intestines recovered and anal 3 '^zed in the above manner. 

These washings were evaporated to dr 3 mess in an oven at 80°C., and 
the diy -weight of the residue was determined. After thorough mixing 
the lipid material from a weighed aliquot of the residue was extracted. 

The procedures used for determining total and free cholesterol, lipid 
phosphorus, and total lipid carbon were, with some modifications, the 
manometric methods described by Kirk, Page and Van Slyke (9) and Van 
Slyke and Folch (17). 

The lipids were extracted by 90 cc. of alcohol-ether at room temperature, 
which was found by Boiffi (3) to be entirety satisfactory. Cholesterol 
esters were saponified by adding to the aliquot 0.18 cc. of a saturated 
aqueous solution of sodium hjffiroxide and 2 cc. of ethjd alcohol. Another 
modification was the substitution of the procedure of Man (11) for the 
evaporation of the alcohol-ether extract prior to extraction with petroleum 
ether. 

The values obtained by these methods were converted into the more 
conventional tenns bj’- the calculations given by Page et al. (13), with the 
exception of true free cholesterol which was obtained by multiplying the 
observed free cholesterol by 0.8 (6, 16). 

Results. Lymph: A change in the concentration in lymph may be 
caused bj’- a change in the quantity of the compounds reaching the l 3 Tnph 
from the intestine, or by a change in the amount of fluid which reaches the 
lymph from the intestine or from contributoiy tymphatics. Since there 
are two variables which determine concentration of thoracic duct lymph, 
it is hazardous to draw conclusions from concentrations. We have ac- 
cordingty used the expression quantity'- per hour rather than quantity'- per 
volume as a basis for comparison. 

In table 1 are recorded the quantities of each lipid fraction for each period 
of collection. As would have been anticipated, the amount of total lipids 
and neutral fat in the lymph is greatty mcreased by intestinal absorption 
of lipids. In the two animals receiving milk, however, there was a decrease 
in the rate of total hpid and neutral fat transport. 

In table 2 are found the data required for calculating the percentage of 
administered lipids that were absorbed and recovered in the Ij^ph. We 
were able to recover an average of 93 per cent of the lipid injected into the 
duodenum in the control experiments, and the figures given in the third 
column have been coiTected accordingly. In the case of dog 1 the absorp- 
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tion was not quite 70 per cent, while in tlie other two it was well above this. 
The figures in the fifth column are .slightlj’’ too high, because the lipid which 
would have been present had no cream been given is included. Only a 

TABLE 1 

Ldpid transport by lymph after injection of cream or milk 


Results in milligrams 


noun 

SAMPLE 

TOTAL CnOLESTEnOti 

FUEE CnOLESTEnOL 

E8TERIFIED CHOLESTEROL 

Cream 

Milk 

Crc.am 

Milk 

Cream 

1 snik 














M 


0 

Lo 

22 

5 

11 

6 

78 

5 

1 

4 

2 

21 

17 

4 

1 

4 

57 

0-1 

L, 

25 

6 

13 

6 

55 

0 

2 

2 

2 

16 

19 

4 


4 

39 

1-2 

La 

17 

16 

9 


80 

4 

5 

2 

* 

25 

13 

11 

B 

* 

55 

2-4 

La 

28 

33 

11 

6 

54 

9 

14 

5 

2 

16 

19 

19 

6 

4 

38 

4-6 

U 

21 

33 

14 

4 

43 

7 

16 

m 

1 

12 

14 

17 


3 

31 

6-8 

La 

18 

35 

6 

7 

36 

6 

13 

■1 


11 

12 

22 


4 

25 

8-10 

Lc 

18 

27 

11 

6 

25 

6 

10 

1 


m 

12 

17 

10 

4 

IS 

10-12 

Lt 

22 

38 

2 

5 

14 

7 

12 

0 



15 

26 

2 

3 

9 

12-14 

Ls 

21 

35 

1 

5 


7 

9 

0 


■ 

14 

26 

1 

3 


14-16 

La 

17 

25 


4 


6 

6 



■ 

11 

19 


3 


16-18 

Ljo 

17 

21 


4 


6 

5 


2 


11 

16 


2 


18-20 

Lu 

21 

17 


4 


9 

4 


2 


12 

13 


2 


20-22 

L,2 

12 





5 





7 





22-23 

Lia 

15 





6 





9 







rnOSPHATIDE 


KEUTRAL 

FAT 


TOTAL LIPIDS 

0 

Lo 

14 

3 

4 

12 

27 

45 

4 

16 

9 

38 

92 

15 

37 

29 

182 

0-1 

L, 

20 

2 

0 

10 

61 

78 

4 

10 

13 

45 

136 

16 

30 

32 

187 

1-2 

La 

12 

15 

0 

* 

63 

46 

24 

11 

* 

95 

S3 

62 

25 

* 

277 

2-4 

Ls 

25 

46 

18 

10 

60 

104 

224 

127 

11 

75 

170 

317 

160 

30 

215 

4-6 

U 

21 

71 

7 

7 

43 

161 

399 

262 

10 

59 

224 

517 

287 

24 

166 

6-8 

La 

25 

61 

0 

10 

24 

166 

199 

157 

13 

43 

219 

310 

164 

34 

120 

8-10 

La 

23 

32 

0 

8 

22 

147 

99 

15 

13 

20 

196 

169 

32 

30 

79 

10-12 

Lt 

30 

39 

0 

9 

13 

186 

52 

13 

9 

19 

248 

148 

17 

25 

54 

12-14 

Lg 

29 

23 

0 

9 


182 

28 

2 

10 


242 

104 

4 

26 


14-16 

La 

15 

9 


8 


93 

10 


12 


132 

58 


25 


16-18 

Lio 

12 

4 


9 


75 

7 


9 


111 

44 


24 


18-20 

L„ 

29 

4 


8 



6 


12 


278 

36 


24 


20-22 

Li2 

17 










158 





22-23 

L.a 

20 





158 





198 



1 



* Lj combined wdth La and represents lymph flowing during 3 hours. 


small fraction (4^17 per cent) of absorbed lipids is transported by the left 
thoracic duct Ijunph during and immediately after the period of absorption. 

Instead of a greater percentage transportation of lipids by the left 
thoracic duct, as might have been expected if absorption were incomplete 
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in the experiments of Munk and Rosenstein (12) and Eckstein (5), our 
results were considerably lower than those of the former authors and verj’- 
similar to those of Eckstein. This deviation from the results of Munk and 
Rosenstein might be explained by the fact that their fasting period was 
much shorter than ours; it must also be remembered that they were using 
as subject a person with a definite pathological condition — elephantiasis. 

The control animals showed a decrease in lymph phosphatide which 
was completely or partly overcome when cream was given. This increase 
was not related to the small amount given (80-190 mgm.) but was related 
to the rate of lipid absorption. This may be construed as evidence that 
phosphatide is synthesized during absorption of lipid. In previous reports 
it has been assumed that an increase in the concentration of phosphatides 
in thoracic lymph is evidence of synthesis. For reasons given above, mere 
changes in concentration are unreliable indications of changes in quantity. 

Changes in the cholesterol fractions of lymph were not significant. 


TABLE 2 

Per cent of absorbed lipids recovered in lymph 


DOG NTJMBEB 

DIPID INJECTED 1 
A8 CREAM 

DIPID RE- j 

COVERED PROM 
INTESTINE 

1 

LIPID ! 

ABSORBED 

LIPID RE- 
COVERED IN 

lymph 

PER CENT or 
ABSORBED LIPID 
RECOVERED 


mgm* 

mgm. 

mgm. 

mgm. 


1 

21065 

6999 

14066 

2395 

17 

2 

20659 

564 

20095 

1781 

9 

3 

17739 

, 1641 

16098 

716 

1 

4 


Plasma: To facilitate the analysis of the data obtained for plasma the 
percentage change from the concentration found in the samples drawn in 
the control period were calculated for each lipid fraction for each period 
and for each dog. These percentages were then averaged to obtain a 
composite for each lipid fraction in blood from each of the two sources 
and for each type of experiment — injection of cream or milk. These data 
are presented in tables 3 and 4. 

It has generally been assumed that if the entrance of thoracic duct lymph 
into the blood is prevented by ligation or by cannulation of the duct, any 
absolute increase in lipid concentration in the portal blood, or any relative 
increase in the portal when compared with some other blood, is evidence 
of direct blood transport. This assumption is hazardous because in the 
first place it has been shown (2, 10) that ligation of the duct frequently 
results in the establishment of collateral lymphatic circulation with con- 
sequent entrance of lymph into the blood by other channels, and in the 
second place because no attempts have been made to determine what 
effect the digestion and absorption of non-lipid rnaterials had upon the 
blood lipid concentration. 
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We have found definite increases in the concentration of total lipids, 
neutral fat, phosphatide and free cholesterol (vuth a corresponding de- 
crease in the bound form) in both the portal and femoral plasmas during 

TABLE 3 

Avcraffc -per cent changes in plasma concentration above and below zero hour concen- 
trations after administration of cream 


P = portal, F = femoral 


noun 

TOTAL 

CnOLESTEnOL 

riiEK 

CIIOLKSTEIIOL 

ERTKniriKD 

CnOLEBTKllOL 

nnOSPHATlDE 

NEUniAL TAT 

TOTAL LIPIDS 


■I 

B 

n 

n 

iBnui 

IBI 

■i 

■■ 

i F 

p 

F 

1 

-6.0 

-2.0 

4-3.0 

4-3.0 

-n.o -4.0 

-4.0 

-12.0 

4-28. 0; -3.0 

0 

-7.5 

2 

-3.0 

-2.0 

-2.0 

-0.5 

-3.0 -3.0 

4-15.0 

-7.0 

4-7. Oi 4-5.0 4-2.0 

—5.0 

4 

0 

-1.0 

4-12.0 

4-11.0 

-5.0 -6.0 

4-31.0 

0 

4-30.0)4-28.0 4-13.0, 

-1.0 

G 

-P2.0 

0 

4-18.04-15.0 

-6.0 -7.0 

4-28.0 

4-1.0 

4-34.0.4-13.04-14.0: 

4-2.0 

S 

-1-3.0 

4-3.0 

4-19.0|4-2,5.0 

-4.0 -7.0 

4-23.0 

-1.0 

4-35.0 4-40.0 4-14.0! 

-f7.5 

10 

-flO.O 

4-6.0 

4-22.0:4-22.0 

4-4.0! _i.o 

4-19.0 

4-5.04-34.04-44.0 

4-16.04-12.0 

12 

4-3.0 

4-1.0 

4-.30.0 4-26.0 

-7.0j-12.0 

4-22.0 

4-5.0 

4-40.0 4-41.0 

4-13.04-10.0 

14 

-fO.O 

4-7.0 

4-24.0 4-26.0 

4-2.5; -2.0 

4-30.0 

4-8.0 

4-30.0 

4-26.0 

4-17.0; 

4-9.0 

16 

4-4.0 

-2.0 

4-21.0 4-24.0 

-3.01-15.0 

4-17.0 

-4.0 

4-17.0 

4-57.5 

4-8.0:4-10.0 

18 

4-8.0 

0 

4-40.0 4-24.0 

-6.0! -9.0 

4-52.0 

-18.0 

4-36.0 

4-35.0 

4-21.0 

-2.0 

20 

-2,0 

-4.0 

4-16.04-14.0 

-9.0|-11.0 

-11.0 

-15.0 

4-16.0 

4-22.0 

-3.0, 

-7.0 


TABLE 4 

Average per cent changes in plasma concentrations above and below zero hour 
concentrations after administration of milk 


P = portal, F = femoral 



TOTAL 

CHOLESTEnOL 

TREE 

CHOLESTEROL 

ESTERIFIED 

CHOLESTEnOL 

PHOSPHATIDE 

NEUTRAL FAT 

TOTAL LIPIDS 

0 

p 

F 

p 

F 

p 

F 

p 

F 

p 

F 

p 

F 

1 

-5.0 

4-1.5 

4-4.0 

4-2.0 

-9.0 

4-1.5 

-9.0 

-1.5 

4-30.0 

4-7.0 

-0.5 

4-1.5 

2 

-1.5 

4-5.0 

-7.5 

-3.5 

4-1.0 

4-10.0 

4-20.0 

4-10.0 

—7.5 

4-8.0 

4-2.5 

4-7.5 

4 

4-1.0 

4-6.0 

4-4.0 

4-6.0 

0 

4-5.5 

-11.0 

-2.0 

4-57.0 

4-6.0 

4-6.0 

4-3.0 

6 

4-1.0 

4-5.0 

4-3.5 

4-2.0 

4-0.5 

4-6.5 

4-25.0 

-13.0 

4-126.0 

4-0.5 

4-32.0 

-3.0 

8 

4-5.0 

4-11.5 

4-11.5 

0 

4-2.0 

4-17.0 

4-30.0 

-21.0 

4-5.0 

-14.0 

4-12.5 

-6.5 

10 

4-3.5 

4-0.5 

4-13.0 

4-4.0 

0 

-1.5 

4-39.0 

-0.5 

4-2.0 

4-6.0 

4-13.5 

4-2.0 

12 

-0.5 

4-11.5 

4-14.0 

4-1.5 

-8.5 

4-17.0 

4-29.0 

-14.0 

4-25.0 

-9.0 

4-10.0 

-3.0 

14 

4-1.5 

4-9.5 

4-20.5 

4-19.0 

-7.0 

4-3.5 

4-23.0 

4-4.5 

4-61.0 

4-40.0 

4-14.5 

4-15.0 

16 

-3.0 

4-1.0 

4-33.5 

4-18.5 

-22.0 

-9.0 

4-10.0 

4-4.0 

4-52.5 

4-19.0 

4-12.0 

4-12.5 

18 

-9.5 

4-6.5 

4-11.5 

4-25.0 

-28.5 

-5.0 

4-22.0 

-18.0 

4-9.0 

4-7.0 

4-10.5 

-4.5 


the absorption of lipids. In most cases the rate of increase was greater in 
the portal than in the femoral. If these were the only data available, one 
would conclude that lipids are transported directly by the portal vein 
during absorption. However, since almost identically the same increases 
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in portal lipid concentration were found in the control animals which were 
absorbing non-lipid material, it must be concluded that changes in portal 
lipid concentration are not necessarily related to the absorption of lipid 
2 Jcr se and cannot be considered as e\ddence for the direct transportation of 
absorbed lipids. 

The explanation may be that there is a mobilization of lipids from 
depots, perhaps in the intestinal wall or mesenteiy. The stimulus for 
this mobilization must be the absorption process itself quite independent 
of the specific absorption of lipids. It is unlikely that experimental pro- 
cedures are responsible since Eclcstein (4) found that experimental manipu- 
lation and anesthesia alone produced no lipemia in femoral blood. It is 
likeh^ that the so-called alimentaiy lipemia is due to two factors: a, en- 
trance into the general circulation of absorbed lipids which are transported 
by the h*mphatic system, and &, the mobilization of lipids by the portal 
vein from depots located in its area of drainage. 

On the other hand, there is evidence that neutral fat and phosphatides 
do reach the general circulation during lipid absorption. It is probable 
that this is due to the presence of h'mphatico-venous communications other 
than the well recognized one between the thoracic duct and the neck veins. 
This is a factor which has been almost universally neglected in studies of 
lipid absorption. Schmidt-Mulheim (14), Baum (1), Silvester (15), and 
Job (8) have described such communications. 

It is of some interest that in the case of neutral fat, and for that reason 
also in the case of total lipid, there is a marked and rapid increase in femoral 
plasma concentration which appears late in the experiment. This is prob- 
abl 3 ’' due to a delaj^ed mobilization of neutral fat in the general circulation 
and appears to be a terminal phenomenon. This would explain the rather 
prolonged elevation in plasma concentrations found in the animals ab- 
sorbing lipid. 


STJAULARY 

In three dogs the percentage of absorbed lipids which was transported 
bj'' the left thoracic duct Ijrniph during and immediatel}'^ after absorption 
of lipids varied from 4 to 17 per cent. The rate of transport of total lipids, 
neutral fat and phosphatides increased during absorption. 

There is a greater increase in the proportion of cholesterol in the free 
state in the general circulation during the absorption of lipids than during 
the absorption of non-lipids. There is a definite increase in the neutral 
fat concentration in the general circulation during the absorption of lipids 
and little change during the absorption of non-lipid material. There is 
little change in the concentration of phosphatide in the general circulation 
during the absoi’ption of lipids, but there is a marked decrease during the 
absorption of non-lipids. These results are evidence that neutral fat and 



780 


J. MAXWELL LITTLE AND C. S. ROBINSON 


phosphatide enter the general circulation during lipid absorption, probably 
bj’’ way of lymphatico-venous communications. 

There is no evidence that absorbed lipid enters the portal blood directly. 
The increase in portal plasma lipids during non-lipid, as well as lipid ab- 
sorption, suggests a mobilization of stored lipids by the portal blood under 
the stimulus of absorption itself. This phenomenon is being investigated 
further. 

The assistance of the Department of Surgeiy of Vanderbilt Medical 
School is gratefully acknowledged. 
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In a pre\dous report (1) we demonstrated that the rate of reabsorption of 
phosphate the renal tubules is an important factor in the regulation of 
the concentration of phosphate in the blood plasma at equilibrium. Vita- 
min D was found to increase the rate of renal tubular reabsorption of 
phosphate, thereby increasing the concentration of this ion in the plasma 
and other extracellular fluids. On the other hand, parathju-oid extract 
decreased the rate of reabsorption of phosphate by the renal tubules and 
lowered the concentration of phosphate in the plasma. It has been re- 
peatedlj’- observed that the excretion of phosphate in the urine is increased 
in states of acidosis (2). Following the administration of acidifying salts 
to animals or man the increase in urine phosphate is not associated with an 
increased concentration of phosphate in the plasma but rather with a de- 
crease in the plasma phosphate. In recent years cases of rickets not due 
to ^dtamin D deficiency have been reported in which a low concentration of 
phosphate in the serum was found associated with a severe chronic acidosis 
(4, 5, 6) . It seemed probable that the rate of reabsorption of phosphate bj’- 
the renal tubules was reduced in states of acidosis. The present experi- 
ments were designed to test this hypothesis. 

The experiments were performed on dogs in whom an acidosis was 
produced by the oral administration of ammonium chloiide. The degree 
of acidosis was measured by the reduction in serum bicarbonate as well as 
by determination of plasma pH. The rate of tubular reabsorption of 
phosphate was estimated by simultaneous determinations of the plasma 
creatinine and phosphate clearances following the intravenous injection of 
sodium phosphate. Since, in the dog, the plasma creatinine clearance is a 
measure of the filtration rate the difference between the creatinine and 
phosphate clearances can be used to calculate the amount of phosphate 
which has been reabsorbed by the renal tubules. The detailed procedure 
has been previously described (1). 

Wlien ammonium chloride is given in sufficientl 3 '- large amounts to pro- 
duce an acidosis a considerable loss of extracellular fluid volume and hemo- 
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concentration may result and consequenth’- a reduction in the rate of 
glomerular filtration as measured bj”- the creatinine clearance is found. It 
was therefore first necessary to study the effect of variations in the rate of 
glomerular filtration upon the tubular reabsorption of phosphate. In many 
of the experiments in Avhich spontaneous fluctuations in the rate of glo- 
merular filtration occurred during succe.ssive periods, the rate of tubular 
reabsorption appeared to vaiy with the filtration rate. These findings 
were not entirely constant and the effect of marked variations in the rate 
of glomerular filtration was therefore determined. This was accomplished 
by decreasmg or increasing the extracellular fluid volume sufficiently to 
produce a significant decrease or increase in the filtration rate. A de- 


TABLE 1 

Effect of dehydration upon glorncrular ftllralion and renal luhidar rcabsorplion 

of phosphate 


! 

THEATitENT 

URINE 

VOLUME 

CREATININE 

CLEARANCE 

RnOSPHATE'REABSORBED 

Mgm. per min. 

Mgm. per 

100 cc. glom. 
Sltrate 

Dog B 


CC. per min. 

: ce, per min. 


j 

Control 

1.3 

50.5 

2.24 

4.4 

5 per cent glucose I.P 

1.2 

34.5 

1.47 

4.3 


Dog A 


Control 

1.4 

32.8 

1.04 

3.2 

Control 

1.8 

33.1 

■SH 

3.2 

Salyrgan 

2.1 

27.1 


3.4 

5 per cent glucose I.P 

0.5 

8.8 


4.1 

Control 

1.8 

33.3 

1.18 

3.5 


creased exti-acellular fluid volume was produced bj’' the intraperitoneal 
injection of 5 per cent glucose and removal 5 hours later of the peritoneal 
fluid according to the teclmique of Darrow and Yannet (7) . A mild degree 
of dehydration was also produced in one animal by the injection of a mer- 
curial diuretic, salyi’gan. Increase of the filtration rate was brought about 
by the continuous intravenous injection of a solution of sodium chloride 
and sodium bicarbonate of approxiraatelj'^ the composition of extracellular 
fluid. The rate of injection was vdried from 5 to 10 cc. per minute for a 
period of 2 hours. 

The results of these experiments are shown in tables 1 and 2. In the ex-' 
periments in which dehydration bad been produced sufficient water wa^ 
given b}'^ stomach tube at the time of the experiment to maintain an ade- 
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qiiate flow of urine. The rate of reabsorption of phosphate is expressed 
both as milligrams phosphorus per minute and as milligrams phosphoras per 
100 cc. of glomerular filtrate. When the rate of glomerular filtration, as 
measured bj'- the creatinine clearance, is reduced there is seen to be an ap- 
proximately proportionate reduction in the rate of rcabsorption of phos- 
phate by the renal tubules. The amount of phosphate reabsorbed in terms 
of volume of glomerular filtrate therefore remains fairly constant, How- 

TABLE 2 


The effect of increased glomerular filtration upon rate of renal tubular rcabsorption 

of phosphate 


CUEATININE CLEARANCE 

CniNE VOLUME 

1 rnOSPHATE HEABSORBED 

Mgm. per min. 

Mgm. per 100 cc. 
glom. filtrate 

Dog C 

cc. per min. 

62.3 

65.0 

Constant 

71.3 

75.3 

81.2 

88. 5 

1 cc. per min. 

0.5 

0.6 

intravenous injcclior 
O.G i 

0.4 

1.2 ' 

1.9 1 

3.39 

3.51 

» of saline hicarbonat 
3.54 

3.68 

3.74 

3.76 

5.44 

5.36 

e solution 

4.97 

4.89 

4.61 

4.25 

Dog D 

41.6 

39.3 

Constant 

42.0 

44.9 

48.4 

53.4 

57.7 

0.4 

0.3 

intravenous injection 
0.4 

0.6 

1 1.3 

' 2.5 

4.6 

1.24 

1.14 

1 of saline hicarbonat 
1.20 

1.11 

1.09 

1.12 

1.10 

2.98 

2.90 

e solution 

2.86 

2.47 

2.25 

2.10 

1.96 


ever, when the rate of filtration is increased above the normal by a continu- 
ous intravenous injection, the tubular reabsorption of phosphate reaches a 
maximum which is not increased by further increase in the filtration rate. 
The equilibrium concentration of phosphate, i.e., the concentration of phos- 
phate in the plasma at which the amount filtered through the glomeruli 
equals the amount reabsorbed by the renal tubules is therefore reduced by 
increasing the rate of glomerular filtration. Shannon and Fisher (8) have 
^ 5 hown that in the normal dog the tubular reabsorption of glucose reaches a 
fnaximum which remains constant despite changes in the rate of filtration. 
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In their experiments a eonstant intravenous infusion of glucose solution 
was given and the conditions are therefore comparable to those experiments 
in which saline was injected. In the dehydrated dog the decrease in the 
rate of tubular reabsorption of phosphate in proportion to the decrease in 
filtration rate suggests that many of the glomeruli are not functioning and 
therefore no phosphate is available for reabsorption bj' the tubules con- 
nected with them. However, this phenomenon of glomerular intermittence 
which has been observed in the amphibian (9) has not been demonstrated 
in the normal dog by the injection technique (10). No studies by this 
method have been made in the dehydrated dog. Whatever the explanation 
may be it is apparent that in states of dehydration the reduction in filtra- 


TABLE 3 

The effect of acidosis on renal tubular reabsorption of phosphate 

Dog 


DATE 

THE ATM ENT 

1 

1 

encA- 

TIKIKE 

CLEAH- 

ANCE 

PHOSPHATE 

nEADsonnED 

SEnUM 

Mpm. per ^ 
min. 

. 

MRm. per 
100 cc. 
rIohi. 
filtrate 

p 

CO. 



CC. per 

1 

j 


.Vffm. jxT 

volume 



tntn. 



100 cc. 

per cent 

12/29 

Control 

30.8 

1.28 ■ 

4.2 

5.6 

50.0 

1/2-1/4 

NH<C1 — 5 grams daily 






1/6 


24.8 

0.90 

3.7 

3.2 

29.0 

1/8 

Recovery 




4.0 

50.7 

1/21-1/23 

NITiCl — 7 grams daily 






1/24 


2G.5 

0.69 

2.6 

3.0 

16.6 

2/27 

Control 

29.9 

1.25 

4.2 

4.6 


3/2-3/4 

NH4C1 — 5 grams daily 




i 


3/5 

- 

29.3 

0.95 

3.2 

4.1 

30.4 


tion rate is associated with a comparable reduction in the estimated rate 
of phosphate reabsorption. For purposes of comparison it is preferable to 
express the reabsorption of phosphate in these experiments in terms of 
milligrams phosphoins per 100 cc. of glomerular filtrate. 

The results of the experiments in which ammonium chloride was given 
are shown in tables 3, 4 and 5. Control studies were done both before and 
after the acidosis experiments and the experimental prodecure was identical 
in all cases. The plasma pH was determined in manj’^ of the experiments, 
using a Leeds and Northrop Universal pH indicator employing a glass 
electrode which permitted the determination without exposure of the sam- 
ple to air. A reduction of plasma pH was found consistentl}'^ following the 
administration of ammonium chloride in the amounts given and the redue- 



ACIDOSIS AND EENAL TUBULAR REABSORPTION OF PHOSPHATE 785 

TABLE 4 

The affect of acidosis on renal inbnlar rcabsorplion of phosphate 

Dog B 


DATE 

TREATMENT 

1 

12/3 

Control 

12/6-12/7 

NH 4 CI — 10 grams 

12/8 

NH 4 CI — 5 grams 

12/9 

Vomited NH 4 CI given 

12/10 ! 


12/17 : 

Recover}' 

1 / 2 - 1/6 ! 

KH4CI — 5 grams daily 

1/7 


1/12-1/15 

NH 4 CI— 10 grams daily 

1/16 


1/21 ! 

Recovery 


cuea- 

tikine 

CLEAR- 

ANCE 

1 

thosphate ! 

REABSORBED 

[ BEUDM 

L _ 

Mgm. per i 
mill. 

Mgm. per 
100 cc. 
glotn. 
filtrate 

p 

CO: 

cc. per 
min. 

57.2 

j 

3.73 ! 

i 

6.5 

Mffm. per 
100 cc. 

7.2 

volume 

percen 

47.2 

* 2.22 

4.7 

4.6 

38.7 

50.8 

! 3.05 

6.0 

6.5 

60.0 

42.8 

■ 2.51 

5.8 

‘ 6.4 

45.0 

47.0 

1 2.28 

4.9 

j 5.1 

1 36.2 

45.6 

2.57 

5.6 

6.4 

62.4 


TABLE 5 

The effect of acidosis on rc7ial tvbtdar Tcahsorption of phosphate 


Dog C 


DATE 

TREAT.MENT 

CREA- 

TININE 

CLEAR- 

ANCE 

PHOSPHATE 1 

RDABSOKBED j 

SERUM 

1 Mgm, per ! 
min. 1 

1 

Mgm. per 
100 CO. 
glom. 
filtrate 

p 

1 

CO: 



CC. per 



Mgm. per 

volume 



min. 



too cc. 

per cent 

4/10 . 

Control 

51.8 

3.63 

7.0 

7.3 

47.2 

4/15 

NH 4 CI — 10 grams 


1 




4/16 

NH 4 CI— 7.5 grams 






4/17 


47.8 

2.34 

4.9 

5.1 

19.2 

4/18 

Recovery 




6.3 

38.1 

4/22 

Recovery 

56.7 

3.32 

5.9 

6.1 

48.2 

5/13 

Control 

63.9 

3.45 

5.4 

5.5 


5/23-5/29 

NH 4 CI — 6 grams dailj' i 






5/29 1 


60.7 

2.54 

4.2 

4.0 

28.5 

5/30-6/3 ! 

NH 4 CI — 6 grams daily 




i 

1 

6/2 , 



i 

I 

3.1 

1 21.3 

6/3 ' 


43.4 

1.43 

i 3.3 

2.8 

28.0 

6/11 

Recovery 

67.7 

2.20 

1 3.3 

3.9 

46.7 

6/17 i 

Recovery j 

66.6 

2.90 

1 4.4 

5.2 

46.6 
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t/ion ranged from 0.11 io 0.27 pH unit. The degree of reduction in pH 
paralleled the decrcaKc in serum bicarbonate. 

In tlic tables are listed the pla.sma creatinine clearance and the calculated 
rate of tubular I’eab.soi'ption of pho.sphatc expressed both as milligrams 
pliosphorus per minute and a.s milligram.s pho.sphorus per 100 cc. of glomer- 
ular filtrate. The concentration of plio.sphate and of bicarbonate in the 
serum in the fasting state on (he morning of the experiment is also given. 

There is obviouslj^ a considerable deerea.se in the rate of tubular rcab- 
sorption of pho.sphatc following the development of a .severe acido.sls. In 
tho.se experiments in which the creatinine clearance i.s lowered the reduction 
in the rate of tubular rcalxsorption of plio.sphate i.s far greater than that 
expected a.s the result of the dimini.slied filtration rate. Tlii.s is .shown by 
the fact that the reabsorjition per volume of glomerular filtrate is dccrea.sed. 
The magnitude of the decrease in each animal is to some extent proportional 
to the .sevorit3' of the acido.sis. This is shown particularly by the rc.sults for 
dogs A and B in tables 4 and 5, rospeetivcly. The i-esults for dog B are of 
liarticular interest. On 1/7 de.spitc the administration of 5 grams 
NH^Cl for 4 days there is only a mild degree of acidosis and no .significant 
reduction in the rate of tubular rcabsorption of phosphate is found. The 
administration of NHiCl was di.scontinucd and the animal permitted to 
recover, A second course of NIIiC! treatment was fol)o^vcd by a more 
severe acidosi.s. At this time 1/16, a definite decrease in the rate of renal 
tubular rcabsorption of phosphate, is found. 

The decrease in tubular rcabsorption of phosphate appears to be related 
not onlj'^ to the severity of the acidosis but also to the duration. In the 
experiments on dog C a moderate degree of acidosis was produced on 5/29 
and the rate of tubular rcabsorption of phosphate determined. The 
administration of NH^Cl was continued in amounts sufficient to keep the 
serum bicarbonate at the same low level and it is seen that after a total of 
1 1 daj's of NH^Cl treatment there is a much greater decrease in the rate of 
tubular rcabsorption which is not due merel}^ to the greater reduction in 
the filtration rate. 

The recoveiy of renal tubulai- function following cessation of the jN’IBCI 
administration is also an interesting phenomenon. In table 3 the results 
of the experiment on dog A indicate a comjilete return to the control rmlues 
following the cessation of ammonium chloride treatment. This was an 
adult animal in whom the rate of tubular reabsorption of phosphate is fairlj’' 
constant under normal conditions. In the case of dogs B and C the rate 
of tubular reabsorption of phosphate in the recoveiy experiments does not 
return completely to the preacidosis level. This probabty is explained by 
the fact that these were animals less than 18 months of age and at this 
period a gradual decrease in the rate of tubular reabsorption of phosphate 
is normalty observed (1). The recovery process is seen to be a rapid one 
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in those experiments in which an acidosis of short duration was produced. 
However, in the experiment on dog C shown in table 5 in which the acidosis 
was more prolonged it maj’- be seen that the rate of tubular reabsorption 
of phosphate remained low for at least one week following cessation of 
NHiCl treatment even though the serum bicarbonate returned to normal. 
After 14 days, however, a definite increase in the rate of tubular reabsorp- 
tion of phosphate is found although still below the control level. In another 
experiment on dog B there was also suggestive evidence that the renal 
tubular reabsorption of phosphate may return only slowly to the normal 
level even though the normal acid base equilibrium of the plasma has been 
restored. In this experiment the concentration of plasma phosphate re- 
mained low for several days after the bicarbonate had been restored to 
normal. 

The concentration of phosphate in the plasma in the postabsorptivc state 
is seen to parallel closely the rate of tubular reabsoi-ption of phosphate as 
expressed in milligrams phosphorus per 100 cc. of glomerular filtrate. This 
is in accord with the previously expressed idea that the concentration of 
phosphate in the plasma tends to approach the “equilibrium concentra- 
tion”, i.e., the concentration at which the rate of filtration through the 
glomeruli equals the rate of reabsorption by the renal tubules (1). Nu- 
merically this equilibrium concentration is identical with the value of the 
phosphate reabsorbed per 100 cc. of glomerular filtrate. 

The scrum calcium was determined in all of the experiments. No con- 
sistent change in the concentration of serum calcium was noted in these 
studies. 

Discussion. The effect of acidifying salts upon the renal tubular re- 
absorption of phosphate is similar to that of parathyroid extract (1). 
Both cause a decrease in the rate of renal tubular reabsorption of phosphate 
and therefore a decreased concentration of phosphate in the plasma. The 
effect of acidosis differs from that due to hyperparathyroidism in that 
there is no concomitant elevation of the concentration of calcium in the 
serum. The results of the present experiments offer an e.xplanation for the 
low concentration of phosphorus in the serum which may be found in 
states of chronic acidosis. The exact mechanism by which the acidosis 
affects the function of the renal tubules is still unknovm. 

The loss of phosphate from the body following the administration of 
acidifying salts is in excess of that which could come from the extracellular 
fluids of the bod}^ alone (3). There is direct evidence that this excess is 
derived from the intracellular organic phosphates since the acid soluble 
phosphate of the red blood cells is found to be decreased in states of acidosis 
(3,11). It is quite probable that there is an interrelationship between the 
effect of acidosis on renal tubular reabsorption of phosphate and the de- 
crease of intracellular phosphate. The present study emphasizes the 
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fundamental importance of renal tubular function in maintaining the 
concentration of phosphate in the plasma and other bodj' fluids at normal 
levels. 


SUMMARY 

The rate of reabsorption of phosphate by the renal tubules was deter- 
mined in dogs in whom an acidosis was produced by the administration of 
ammonium chloride. It was found that following the development of an 
acidosis there was a decrease in the rate of tubular reabsorption of phos- 
phate which was related both to the severity of the acidosis and its duration. 
The decreased concentration of phosphate in the plasma follovang the 
administration of acidifying salts can be explained by this effect on the 
renal tubular reabsorption of phosphate. 
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Inconclusive evidence suggests that the blood vessels of hypertensive 
animals and man arc abnormally sensitive to pressor agents, hence no more 
than nonnal amotnits of them in the blood would be required to cause hj'-- 
pertension. It is, therefore, of importance to learn whether this is true of 
such substances as renin and nngiotonin because of the belief that the}'’ may 
be involved in the genesis of chronic arterial hypertension. It is this 
problem with which this investigation is concerned. 

Purified renin is not of itself a pressor agent and requires the intervention 
of renin-activator (1) before eliciting vasoconstriction by formation of 
angiotonin (2, 2a). In normal animals the supply of renin-activator is 
easily exhausted, but more of this substance appears available in the blood 
of hypertensive animals (3). It would, therefore, be anticipated that hy- 
pertensive animals would respond to injections of renin with a greater or, 
at least, more prolonged rise of arterial pressure than normal animals 
simply because more angiotonin is formed rather than that hypertensive 
animals are more sensitive to the action of angiotonin; hence increased 
pressor sensitivity of hypertensive animals might reflect an increased suppl}’- 
of renin-activator. An altered response of the vessels themselves to renal 
])rcssor agents can onl.y be assumed if it can be shown to exist with refer- 
ence to the efTective pressor substance, angiotonin. 

METIIOD.S. Dogs of from 10 to 14 kgm. weight were anesthetized by 
intraperitoncal injections of 30 mgni. of pentobarbital per kilogram body 
weight. The femoral arteiy was cannulatcd and connected to a mercury 
manometer by a tube filled with heparin solution. Injections were made 
into the femoral vein. 

Renin was prepared b}' the method of Helmcr and Page (4), and angio- 
tonin by that of Page and Helmer (5). Single injections of renin always 
consisted of 0.3 cc., and angiotonin 0.25 cc., the angiotonin being given 
before the renin. When renin was infused, it was diluted in the proportion 
of one part in ten of physiological saline solution and given at the rate of 
0.8 cc. per minute. The infusion was discontinued after 45 minutes. The 
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animal often was retested a week later and then hypertension induced by 
wrapping one or both kidneys in silk (6). Usually within three weeks or 
more, hypertension of the order of 180 to 210 mm. Hg mean pressure had 
developed and the tests were repeated. Blood pressure was measured in 
these animals usually on alternate days by femoral intra-arterial puncture 
with a no. 20 needle. 

Results. It was soon evident that the pressor response of the different 
normotensive dogs varied greatly, especially to renin and less so to angio- 
tonin. The same animal tested on different occasions exhibited less 
variability. At first we thought this might be due to different depths of 
anesthesia. This is apparently not the case for, in 6 animals, increasing 
the dose of pentobarbital jirogressively had no regular effect on the pressor 
response to angiotonin. In several docile, well-trained animals tests were 
made without anesthesia and later compared with those made while the 
animal was anesthetized. .Just as had been found before (7), no regular 
differences were encountered; however, since some of the animals became 
excited, especially’’ at the height of the blood pressure rise, it was believed 
that experimentally comparable conditions could best be attained by the 
use of pentobarbital anesthesia. Furthermore, few dogs could be trained 
to lie quietly for 40 minutes during an infusion of renin. 

It also seemed desirable to determine whether the level of blood pressure 
could consistently influence the results. Experience shows that at both 
extremes of blood pressure the response to angiotonin is reduced. ^Tien 
arterial pressure is elevated or depressed less extremely, there does not 
appear to be any direct relationship between the level of blood pressure and 
the pressor response. For example, the responses to angiotonin of one dog 
wdth arterial pressure at 240 mm. Hg were 18 and 14 mm. Hg, but one with 
arterial pressure of 174 also showed similar responses, namely, 20 and 14 
mm. Hg. One dog with arterial pressure at 224 mm. Hg responded to 
angiotonin by rises of 36 and 32 mm. Hg while in another with blood pres- 
sure of 180 the responses were also 36 and 34 mm. Hg. 

Page (7) was unable to demonstrate any deciding influence on the pressor 
response to renin of the initial level of blood pressure in normal animals. 
As table 1 shows, the same appears to be true of hyqDertensive animals. It 
makes no difference whether the initial blood pressure chosen is the average 
daily pressure determined -^Hthout anesthesia or one measured under 
anesthesia, just before the renin is administered. For example, a rise of 
48 mm. Hg occurred in an animal in which the average daily pressure was 
224 mm. Hg and the initial pressure under anesthesia was 162 mm. Hg. 
Yet a rise of 50 mm. Hg occurred in another animal with an average daily 
pressure of 228 mm. Hg, but an initial pressure under anesthesia of 210 mm. 
Hg. It is possible that at extremes of pressure, such as 230 mm.’^Hg'and 
240 mm. Hg mean pressure, the response is reduced. 
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Having selected suitable conditions for testing the response of the animals 
to angiotonin and renin, 6 dogs were tested; in two cases (no. 13 and no. 8) 
twice, and hypertension induced by silk perinephritis. When various 
levels of elevation of mean arterial pressure ranging from 140 to 224 mm. 
Hg were attained, the animals were again tested (table 2). While there 
was a slight increase in the response to angiotonin it was not consistent. 
The response to renin was slightly greater in all experiments. 

It seemed desirable to ascertain the sensiti\aty in a different way. In- 
stead of gi\ing the renin by single injections, it was infused in dilute solu- 
tion. Six animals were tested in this manner before and after the induction 
of hypertension (table 3). Again the same range of blood pressure levels 

TABLE 1 


Relationship of renin pressor response to arterial blood pressure in hypertensive dogs 


DOO OTMBER 

AVERAGE n.P. LEVEt/ OF 
OKANESTnETIZED DOG 

B.P. BEFORE INJECTION, 
WHILE ANESTHETIZED 

RISE AFTER BENIN 

1 ^ 

174 

190 

mtn. Hg. 

22 

2 

ISO 

210 

22 

3 

ISO 

160 

28 

4 

180 

184 

28 

5 

1S2 

214 

34 

6 

194 

170 

26 

7 

19S 

204 

30 

8 

202 

226 

28 

9 

210 

200 

50 

10 

212 

186 

54 

11 

212 

210 

20 

12 

220 

220 

22 

13 

224 

162 

48 

14 

22S 

210 

50 

15 

230 

230 

20 

IG 

240 

240 

16 


was chosen. The response to angiotonin, just as in the last group of ex- 
periments, was slightly greater but not consistently greater in the hyper- 
tensive animals. With one exception (no. 20), the response to infused renin 
was both greater and more prolonged even on repeated infusions. These 
experiments thus support the results of the group in which the increased 
response of hypertensive animals to renin was shown by single injections. 

It then seemed desirable to test a larger series of normal and hypertensive 
dogs with single injections of both angiotonin and renin, but in this group 
the same animals were not necessarily tested before and after the induction 
of hypertension. Amounts of each were used such that the rise in blood 
pressure was not excessive. As Swingle, Taylor, Collings and Hays (8) 
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have shown, when small doses of renin are employed the initial blood pres- 
sure does not effect the pressor response elicited. Fiftj^-seven normoten- 
sive animals were tested with angiotonin and thirty-six hypertensive, the 
blood pressure of the latter all being over 170 and averaging 200 mm. Hg. 

It was necessaiy to use such a large number of animals because the varia- 
bilit}’^ in response from one animal to another was great. In table 4 the 
normal and hypertensive animals are grouped together according to the 
particular sample of angiotonin used for test purposes. The results show 


TABLE 2 


Pressor response ofdogsto renin and angiotonin before and aflcrindticiionof perinephric 

hypertension 


NORMAL DOGS 

1 nTPEBTEXSIVE DOGS 

Dog number 

1 1 

Initial BJP. 

Rwe of B.P. 

nfter 

angiotonin 

Rise of B.P. 
after renin 

Average 
B.P. after 
induction of 
hypertension 

Rise of B.P. 
after 

angiotonin 

1 

Rise of B.P. 
after renin 


mm, Hg j 

1 

1 



24 


17 

122 

i 

14 

22 

140 

24 

28 



■■ 

1 

1 


28 


16 

134 

BhI 

16 

j 

160 

30 

28 



30 



20 


18 

130 

28 

10 

174 

1 

14 

22 




I 


30 

1 

1 

19 

120 


20 

1 

198 

IS 

30 




J 

20 i 


22 


8 

1 116 

26 

20 

202 

IS 

28 


MM 

22 

32 


36 { 


13 

■■ 

24 

32 

224 

32 1 

48 


that there is no significant difference in the response to. angiotonin in 
normo- and hypertensive dogs. 

Twenty-four normo- and hypertensive animals were tested with single 
injections of renin. The results on inspection show a small but consistent 
increase in sensitivity, which, however, is not statisticalh’ significant. 

Discussion. Thd evidence concerning the sensitivity of the vascular 
system to pressor drugs in h 3 '^pertension is conflicting. For this reason it 
is necessaiy to consider in some detail certain questions concerning the 
technique of the measurements of sensitmty and their interpretation. 

Many of the conflicting reports are due in no small part to the inadequate 









































TABLE 3 


Pressor response to single injections of angiotonin and infusions of renin before and 

after induction of hypertension 


000 NUMBER 

' INITIAL B.P. 

1 

1 

1 

1 

RISE or ■ 
B.P. AFTER 1 
ANGIOTONIN 1 

i 

RESPONSE TO RENIN INFUSION 

Under anesthesia 

1 Initial B.P- j 

1 i 

1 20 

30 J 

iOminxites 

Before induction of hypertension 

1 

20 

mm. Hg. 

132 

B 

172 

1 

1 

IS 

18 

4 

0 

-21 

122 

IS j 
20 

136 

32 

40 

34 

24 

22 

! 

130 ^ 

14 

14 

1 

204 

16 

0 

1 

-14 

-22 

23 

120 

IG 

14 

ISO 

14 

6 

2 

0 

24 

134 

1 

20 

22 

14S 

42 

1 

I 32 

20 

16 

25 

118 

2S 

20 i 

164 

1 36 

1 

36 

14 

1 -4 


After induction of hypertension 


20 

AVERAGE ' 
; B.P. AFTER 

1 irrpER- 
TEN810N 

8 

10 

266 

6 

-16 

-36 

-56 

ISO 

i 

20 

1 

160 1 

8 

10 

j 

246 

12 

-22 

-32 

-40 

21 

! 

176 

m 

190 i 

44 

44 

38 

1 

26 

21 1 

1 

1 

16 1 
16 

182 

36 

28 

12 

S* 

22 

196 

18 

20 

220 

44 

30 

12 

2 

22 

198 

22 

20 

180 

40 

54 

36 

i 26 

! 

23 

200 

28 

22 

148 

52 

66 

58 

1 

52 

24 

210 

24 

22 

192 

i 

54 

1 

30 

22 

32t 

25 

192 

36 

34 

196 

48 

i 

1 44 

i 

1 44 

30 


* Malignant, 
t Early malignant. 
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number of animals employed in the experiments. Experience shows that 
the variation from one animal to another is great, and even in the same 
animal sufficient changes in sensitivity occur to make exact comparison 
difficult. Experiments in which the same animal is tested before and after 
induction of hypertension therefore seem most reliable. The cause of this 
great variability is not known and deserves further stud 3 '. 

The use of pentobarbital anesthesia appears to be the lesser of two evils 
because it has been shown that in moderate amounts it does not greatly 
alter the intensity of the jiressor resjjonse to renin and angiotonin, and even 
varying the depth of the anesthesia does not consistently alter the response 
one wa}' or another. 

The problem whether the response to pressor agents in general is directly’’ 
dependent on the height of the arterial blood pressure is no simple one, even 

TABLE 4 


Pressor response lo single doses of angiotonin and renin compared in normal and 

hypertensive dogs* 


LOT NCMBLR 

MEAKiS.E. IK 
KORMAL DOGS 

1 

MEAKiS.E.lK 

HTPERTEKSIVE 

DOGS 

VALT7E 

or t 

D/F 



SICKinCAKT 

Angiotonin 647. 

19.38 ±1.144 

29.00 ±0.577 

7.51 

1 

15 

2.13 

2.95 

Definitelj' 

Angiotonin 751. 

16.04 ±0.779 

23.50 ±2.875 

2.50 

38 

2.02 

2.70 

Barely 

Angiotonin 226.' 

26.95 ±2.325 

22.67 ±2.658 

1.21 

50 

2.01 

; 2.68 

No 

Angiotonin 923. 

18.86 ±2.342 

29.43 ±2.296 

3.22 

12 

2.18 

3.06 

Yes 

Renin 725 

23.46 ±2.075 

28.12 ±3.009 

(1.27 

42 

2.02 

2.70 

No 


* We are grateful to ^Ir. E. B. Robbins and Dr. K. K. Chen for the statistical 
analysis. 


when adrenalin is employ'ed. The size of the dose, the rate of administra- 
tion, the temperature of the animal and the intactness of the nervous 
sj-^stem are all factors known to influence the response (9) . When the blood 
pressure is lowered it depends on the means emploj’^ed to lower it (10), and 
when adrenalin is injected repeatedlj^ the response depends on the number 
of injections (11-13). 

The response to renin and angiotonin is not directly related to the initial 
height of the blood pressure. Immediatelj’^ after pithing, it maj^ be com- 
pletely abolished and that to angiotonin greatlj’^ reduced. After several 
injections of angiotonin the response increases. Severe hemorrhage reduces 
the response, especially when the arterial pressure is markedlj’- lowered. 
The method employed to lower pressure seems to determine whether an 
increased or decreased response wiU occur. 

Some light is thrown by the results in table 1 on the question whether 
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arterial pressure measurements taken while animals are anesthetized corre- 
spond with those taken without anesthesia. It is clear that the variations 
of the blood pressure taken under pentobarbital anesthesia from the usual 
daily pressure taken by femoral arterial puncture without anesthesia is 
great in many cases. It is true that the pressures often correspond but not 
vith sufficient regularity to justif 3 ^ use of the method except where large 
groups of animals are employed. 

We are now in a position to correlate the results of experiments in which 
the purpose was to ascertain whether Iwpertensive animals respond more 
activeh' to angiotonin and other pressor agents than do normotensives. 

^^erne.v and Yogi (14) studied the jiressor response of 7 hj'-pertensive 
dogs to adrenalin. In one a decreased response was observed, in 3 no 
change, and in 3 others an increase was noted. 

Appclrot (15) claimed that 10 dogs with li 3 'pcrtension produced by 
feeding large doses of vitamin D e.xhibitcd decreased rather than increased 
pressor responses to adrenalin when compared with normotensive dogs. 
Since blood pressure measurements were made under ether anesthesia 
without controls in which no anesthesia was employed, and since the h 3 ’- 
pertension was for the most part ver 3 ' moderate (average rise of 32 mm. Hg 
in 10 dogs fed \dtamin D, compared with a 9 mm. Hg rise in 6 normal dogs), 
it is doubtful how much weight can be given these experiments. 

The same irregularit 3 ' of response was observed b}' Verne 3 ’’ and Vogt 
(14), when t 3 'ramino was injected in single doses. The range of rise in 
normal dogs was 26 to 85, and l^pertcnsive dogs 50 to 98 mm. Hg. VTien 
t3Tamine was infused into 3 dogs the In’^pertensives responded much less 
actively than normal ones. These results, obtained on a small number of 
animals, suggest that the vascular S3'stem of hypertensive animals is not 
hypersensitive to tyramine. Verne 3 ’^ and '\'’'ogt were also unable to confirm 
Bouckaert, Elaut and Heymans’ (16) observation that the pressor response 
to carotid sinus stimulations of 3 hypertensive dogs under chloralosane 
anesthesia, was increased. 

Brown and MacGraith (17, 18) measured the response to drags of 12 
rabbits made hypertensive b 3 ’- constricting the renal artery, and 4 with 
glomeralonephritis induced b}' nephrotoxic serum. Blood pressure meas- 
urements were made on Van Leersum loops while the animals were under 
pentobarbital anesthesia. The degree of hypertension was not great. 
The pressor response to adrenalin, t 3 u-amine and posterior pituitary extract 
was increased and the depressor response to acetylcholine decreased as 
early as 10 hours after operation. Once the hypertension was established, 
the response varied roughly as the blood pressure level. In a later study 
(19) it was sought to determine whether the possible increase of sensitivity 
to tyramine was due to loss of tyraminase activity, but it was found that 
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slices of liver of hypertensive rats oxidized tyraminc at noimal rates. 
Ogden, Brown and E. W. Page (20) independentlj' observed increased 
sensitivity in 16 of 17 rabbits in the pre-ln'pei'tensive stage, i.e., after con- 
stricting the renal artery but before any aiipreciable rise in arterial pressure 
had occurred. Similar studies have not been made in dogs. 

Several studies have been earned out in whicli renin has been the pressor 
agent. "Vinnle the renin cmplo3'ed in most cases leaves much to be desired 
from the point of view of chemical purity, nevertheless the results show a 
fair degree of consi.stency. Thus Leiter and Eichelberger (21) state in an 
abstract of their work that 20 injections into 4 unanesthetized hj-pertensive 
dogs caused a more sustained rise of blood pressure than in control animals. 
Page and Helmer (5) compared the response of 9 nonnal and 2 In'pertensive 
dogs to infusions of renin. The hj-pertensive dogs showed both a greater 
and more sustained rise in pressure. Katz and Friedberg’s (23) results 
with single injections of renin show slighth* greater pressor response to renin 
in 3 of 4 hj^pertensive dogs, but thej^ interpret these results as indicating 
similar responses in normo- and hj'pertensive dogs. 

Heated kidney extracts tested b}’- Kapp, Friedland and Landis (24) 
caused a greater rise of arterial pressure in 3 unanesthetized hj'pertensive 
rabbits than in 3 normal ones. ’WTien more concentrated e.xtracts were 
used and the initial blood pressure was higher, the results in 5 hypertensive 
rabbits became UTCgular. According to Williams, Wegi'ia and Harrison 
(25), 4 hj’-dronephrotic rats with hj'pertension showed an average rise of 
about 20 mm. Hg greater than 3 control rats when renin was injected. 

The more extensive data reported in this paper makes it appear probable 
that hj^pertensive dogs are slightlj'^ more sensitive than normal to renin, 
especiall}’- when subjected to the continuous administration of renin. This 
we interpreted as being due to increased renin-activator content of the 
blood of hj-^pertensive animals (3), with formation of greater amounts of 
angiotonin. To angiotonin itself there seems to be no greater than nonnal 
pressor response in hiTiertensive dogs. 

These experiments lend no support to the belief that the vessels of hj'per- 
tensives are abnormally sensitive to substances which maj* participate in 
the chemical mediation of hj’^pertension. Since angiotonin and renin may 
be among these substances, this obsen-ation assumes some importance. 

Summary. 1. The pressor response to renin and angiotonin is not con- 
sistentty altered by moderate pentobarbital anesthesia. The initial 
arterial pressure level of hj’-pertensive dogs may be profoundh' altered by 
anesthesia. 

2. The pressor response of different animals varies widelj^ but that of 

the same animal is relatively constant even at different times. . ; 

3. The pressor response to angiotonin and renin is not direct^ related 
to the initial arterial pressure. The means employed to lower or raise the 
pressure appear to determine in large measure the response. 
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4. Induction, of hypertension in dogs does not alter the pressor response 
to angiotonin but increases that to renin slightly, especially if the renin is 
administered by infusion. 


CONCLUSION 

Induction of experimental renal h 3 '^pertension in dogs does not increase 
the pressor response to angiotonin. On the other hand, in such animals 
renin causes somewhat greater responses. The increased response to renin 
appears to be due to greater formation of angiotonin from combination of 
renin and renin-activator, and is not the result of increased sensitivity of 
the vascular S 3 ’'stem of h 3 ’'pertensive animals. 

Valuable technical assistance was given by Roland J. Parker. 
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Earlier obsen'^ations ( 1 ) using subcutaneou&U^ injected insulin in rats 
fed glucose bj' mouth gave irregular effects on cardiac gh'cogen even 
though the deposition of gastrocnemius' glj'cogen was marked in each 
animal. VHien the results for animals showing hj-pogh-’cemic signs and 
low terminal blood sugars were separated from the others, it appeared that 
hypoglycemia was accompanied b\' a lowering of cardiac gljTOgen, whereas 
in the animals in which h3’^pogl3'’cemia apparent]3' did not occur, the cardiac 
gU’^cogen was raised as compared either to 24 hour fasted controls or to 
such controls given glucose b3’’ mouth. To clarif3' these irregular results, 
the observations recorded in this paper, and empIo3dng intravenousl3' 
injected glucose and insulin, were made. 

The action of insulin on liver gl3'cogen has been difficult to reconcile 
vith its other known actions ( 2 , 3 , 4 , 5 ). The marked raising of the low 
liver gl3’’cogen of diabetic animals b3' insulin injection seemed to be a 
potent argument in favor of its effect being like that seen for muscle gly- 
cogen; but it has been recognized for normal animals that insulin given 
ndth glucose resulted in a lower liver gh'Cogen than would have occun-ed 
if glucose alone had been given. Because the experimental arrangements 
for obser\nng cardiac gl3’^cogen could also convenient^' include obsen-a- 
tions on liver, the two were made together, it being felt for reasons which 
will be mentioned in discussion that the insulin effect on liver gb'cogen 
could stand re-observation. 

ExpERniENTAL. Male rats, 24-hour fasted, weighing between 150 to 
200 gi'ams were lighth'- anesthetized with nembutal and given glucose b 3 ’^ 
constant intravenous injection at the rate of 500 mgm. per 100 grams of 
rat per hour; to this injected fluid in some of the experiments insuhn was 
added. The urine was collected and anaL'^zed for glucose. At the teiToina- 
tion of the injection period, a gastrocnemius, the heart, liver and a sample 
of blood were obtained. Anal 3 ’^ses were carried out as prertously described 
(1, 6, 7). The adrenalectomized animals were maintained on 1 per cent 
sodium chloride solution as drinking water and used on the third da 3 ' post- 
operativel 3 '’. The results are given in the table. 

Discussion. Heart. Intravenous glucose alone effected a defimte 
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increase of cardiac glycogen. This was rather surprising in view of the 
earlier observation that glucose by mouth did not raise cardiac glycogen; 
indeed, the cardiac glycogen both of normally fed animals and also of 24- 
hour fasted animals absorbing glucose maximally for 4 hours was sig- 
nificantly lower than that of 24 or 48-hour fasted animals (1). In the 
present experiments the insulin is seen not to effect any further increase 
in cardiac glycogen. It would appear, therefore, either that the animals’ 
own insulin acts maximally or that insulin is not necessary for the deposi- 

TABLE 1 


Effect of glucose and insulin intravenously 



i 

i ^ 

1 2 

S 

tfi 

i 

< , 
^ 1 
s 
-< 

s 

c 

§ ! 

nouim INJECTED 

PER 100 GRAMS 
BODT WEIGHT | 

FINAL concentration- 
carbohydrate MGM. 

PER CENT 

MGSt./lOO BODT WEIGHT 


Re- 

tained 

Glycogen 

Glu- 

cose 

Increase in 
Glycogen 

Carbo- 
hydrate 
not ac- 
counted 
for 

Glu- 

cose 

j 

In- 

sulin 

units 

! 

Glu- 
cose j 

Gas- 

troc- 

ne- 

mius 

Heart 

Liver 

Blood 

Liver 

Other 

To- 

tal 





vigm. 


mgm. 




1 





Intact 

1 1 

16 

i 




521 

542 

192 

87 
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tion of cardiac glycogen, this last interpretation being supported by the 
phenomenally high cardiac glycogen of diabetic animals (8), which in the 
light of these experiments may not be due simply to hyperglycemia. 

The cardiac glycogen of adrenalectomized animals is lower than that of 
controls; the increases produced by intravenous glucose over fasted con- 
trols and by glucose and insulin, as compared to glucose alone, were not 
large; the difference between fasted controls and animals injected with 
glucose and insulin was quite definite. 
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Liver. The derived values for carcass glycogen and for total glucose 
have been obtained by assuming the I'^alues for gastrocnemius gb'cogen 
and for blood glucose, respectivel 3 ’', to be distributed through 50 per cent 
of body Aveight. The values for carboliA'drate unaccounted for is then the 
difference betAveen glucose retained and the sum of the increases in gl^^cogen 
and glucose. These assumptions are onlj’- approximateh'- A^alid but are 
justifiable on a comparative basis in as far as thcj^ make for more quantita- 
tive interpretation of the data obtained. It is probable that the}" are as 
A^alid as AA'Ould be respiratory quotients obtained under these conditions. 

Considering groups 2 to 6, inclusiAm, the striking finding is the progres- 
sive decrease in liver glycogen as the insulin dose is increased. This effect 
of insulin on liver glycogen has been repeatedly observed. It is com- 
mented upon in the reAucAA'S of Cori (2), Best (3) and Soskin (5). The AA'ork 
of Bridge (9) has recently re-emphasized it. Others Avho have called at- 
tention to it include Cori and Cori (10, 11), Reid (12), Bodo and NeuAA’irth 
(13), Lundsgaard (14) and Russell (15). It is again recorded in this paper 
because a feAv ncAv experimental circumstances are attached to the primar}" 
observation. A number of objections to admitting the evidence at its 
face value have been or can be made and aauII be briefly discussed. 

The phenomenon Avould not appear to be dependent on discharge of 
epinephrine because it has been observed to occur in adrenalectomized 
animals, not only in these experiments but also by Cori and Cori (16) 
and Bridge (9). 

Because of the lengthy surviA^al of the adrenalectomized animals used 
by Cori and Cori, the participation of the adrenal cortex aa'us conceiA"able. 
HoAvever, the experiments of Bridge and of this paper e.\'clude this pos- 
sibility. 

Hypoglycemia affecting the liA"er directly Avould appear to be ruled out 
by the present experiments. 

On comparing groups 2 and 3, it AA"ould be possible to say that the de- 
creased liver glycogen Avas accounted for by the increased muscle glycogen, 
by the increased oxidation Avhich is reflected in the increase of unaccounted 
carbohydrate, or by a combination of the tAA"o; AA'hen, hoA\"eA"er, the figures 
for groups 3 to 6, inclusiA"e, are considered, it is not easy to make out any 
certain tendency for a progressh’-e increase in either as the insulin dose is 
increased. Furthermore, merely to account for the glycogen lost from 
liver as being disposed of elseAvhere in no Avise minimizes the fact that it 
has decreased and has done so in the face of a hyperglycemia AA'hich does 
not decrease Avith progressive increases in the amount of insulin employed. 
In group 7 glucose alone as in gi'oup 2 Avas given for 2 hours, folloA\"ed, hoA\"- 
ever, by an extra hour of the same glucose injection plus insulin. At 
the end of 2 hours it is to be supposed that liver glycogen Avas at the level 
of group 2. In the third hour despite the extra sugar injected, and Avhich 
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sustained, tlie lolood glucose level, tlie liver gl 3 ^cogen di’opped sliarply under 
the influence of insulin. 

As legal ds the possibilit}’' that insulin by reducing gluconeogenesis from 
protein could explain the effect, it should be pomted out that if all protein 
catabolism were stopped (75 mgm. urinaiy nitrogen per 100 grams per day, 
Evans (7)), only 24 of the 74 mgm. drop in liver glj'cogen (groups 2 and 5) 
could be accounted for. In addition, neither the explanation of decreased 
gluconeogenesis from protein, or from fat as argued for by Soskin, could 
account for the fact that liver gtycogen has not been deposited during 
hj’pergh-cemia. 

In table 3 of the paper by Cori and Cori (11), for rats fed glucose and 
glucose + insulin, the average respiratoiy quotients are 0.884 and 0.903, 
respectiveh'. Russell (15) records values of 0.857 and 0.887 for similar 
experiments. Despite the criticism of the respiratoiy quotients again 
raised bj*^ Soskin (5), it is difficult to conceive of anj'^ rapid and considerable 
conversion to fat occurring without a sharper rise in the respu’atorjr quo- 
tient; it can be calculated that per 100 grams of rat, a conversion of 50 
mgm. of carbohj'drate to fat in 1 hour would result, other things being 
equal, in a rise of approximatelj’^ 0.100 in the respii’atoiy quotient. Fur- 
ther, to explain the fall in liver gl 3 ^cogen under the action of extra insulin 
as due to conversion to fat still leaves unexplained the failure to deposit 
liver gl 3 ^cogen from circulating glucose. 

The experiments of Corey and Britton (17)- on glucose-perfused liver 
and of Ostern, Herbert and Holmes (18) on glucose-bathed liver brei give 
some indication that the insulin effect here discussed may be directly upon 
the liver. 

It ma 3 '- be that the findings of this paper represent the pharmacologic 
and not the ph 3 "siologic action of insulin upon the liver; in this connection 
it is to be noted that the rat is not veiy insulin sensitive and that the small- 
est doses used do not greatly exceed on a weight basis the amounts oc- 
casionall 3 ’' used clinicall 3 '^; furthennore, because the experiments were 
shoi-t and relatively acute, the maximal effect of the insulin was probably 
not.achieved. Should the effect be a pharmacologic one, it is nevertheless 
highl 3 ’- specific and as such is of interest. 

Ciystalline insulin (Lilly) was used in four of the experiments of group 
5, and the results could not be differentiated from those due to ordinary 
insulin solution. 

The experimental results of this paper do not justify an extended dis- 
cussion of the perplexing problem of insulin action and the awkward facts 
connected with it; these have been dealt vdth in the competent reviews 
alread 3 ’‘ mentioned. It is, however, appropriate to emphasize the fact 
that a, insulin lowers liver glycogen in the intact animal; b, progressively 
so with increase of insulin dosage; c, without mediation of the adrenal. 
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and d, despite hj^’perg^’^cemia; it is also argued that e, suppression of gluco- 
neogenesis or increased conversion to fat docs not explain non-deposition 
of liver glycogen. The evidence tends to indicate that the effect is directh' 
upon the liver. 


SUMMARY 

Rats were injected intravenously with glucose with or without insulin. 
Cardiac glycogen was found to be increased by glucose, but not further 
increased b3’' the addition of insulin. 

For such glucose injected animals, the liver glj-^cogen was found to be 
lowered bj' insulin and progressive^' so as the dose was increased ; the effect 
occurs even during hj'perglj'cemia ; it is not mediated b}' the adrenal. 
Possible explanations are discussed. 
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It has recently lieen shown b.y Quigley, Werle, Ligon, Read, Radzow 
and Meschan (1) that the presence of natural fats (cream or egg yolk) in 
the duodenum leads to inhibition of the entire pyloric sphincter region. 
Their evidence indicated that the well known delay which fats exert on 
gastric evacuation resulted from the cessation of antral propulsive peri- 
stalsis and occurred in spite of the relaxed pyloric sphincter and bulb. 
Wliether tins action resulted from neutral fats per sc, from their digestion 
products or from both groups of compounds has not been determined. 
Tonnes and Nevers (2) claimed that neutral fats in the duodenum did 
not modify gastric er'acuation and therefore only the digestion products 
were effect ivc. Tlicir report cannot bo accepted for they employed no 
method to iircvcnt digestion of the neutral fat they administered. Card’s 
(3) demonstration that a variety of fat digestion products inhibited the 
body'of the stomach is only indirectly aijplicable to the question of gastric 
evacuation. 

The present study constitutes the first investigation of the effects of pure 
fat digestion products on the motility of the sphincter region. AVe re- 
corded motor activity from balloons placed in the pyloric antrum, 
sphincter, duodenal bulb and distal duodenum of 7 trained dogs provided 
with permanent cannulae opening into the stomach and duodenum (method 
of iMcschan and Quigley (4)). The test solutions, at bodj" temperature, 
were slowly introduced 18 hours post cibum into the duodenum just bejmnd 
the distal duodenal balloon. 

Faitij acids. The following substances were administered in 10 cc. 
quantities of 5 per cent emulsions in acacia; oleic acid (40 expts.), linoleic 
acid (G expts.), palmitic acid (3 expts.), ricinolic acid (8 expts.), myristic 
acid (5 expts.). Each of the.se acids inhibited ihc entire p.yloric sphincter 

1 A preliminaiy report of this work was made in the Review of Gastroenterology 
4: 272, 1937. 

- This investigation was supported in part by a research grant from the Ella Sachs 
Plotz Foundation. 
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luyristic ticids wore less than one-half as effective as the other acids in this 
series (i.e., the 3 ^ were about as active as the natural fats). The inhibition 
from these three fatti”- acids, especially ricinoleic acid, frequently was loss 
complete than from cream, and of approximately half the duration. The 
latent period was shortest Avith myristic acid (1 min.) and longest ndth 
ricinoleic acid (8 min.). The injection of 20 cc. quantities of the fatty 
acid emulsions increased only the duration of the inhibition and this in- 
crease was moderate. 

Soaps. Sodium oleate, 10 cc. 0.5 per cent (15 expts.), sodium mju’istate 
10 cc. 0.5 per cent (5 expts.), and sodium palmitate 10 cc. 2 per cent (4 
expts.) produced marked inhibition of the sphincter region (fig. 2), but the 
depression was less complete and of onlj’^ half the duration of 10 cc. of 
cream. Sodium ricinoleate 10 cc. 5.0 per cent (9 expts.) produced onlj^ 
moderate inhibition. The effects from sodium butyrate 10 cc. 5.0 per cent 
(9 expts.) were variable, with some tendencj"^ toward augmentation of 
bulbar activity". The earlj*- effect of sodium mjuistate on the bulb was 
augmentoiy, but this was usuallj’^ followed bj’^ an inhibition. 

Placed in order of their decreasing effectiveness, the compounds in our 
series were oleate, mjadstate, palmitate and ricinoleate. This order 
applied to the free acid or to the sodium soap. The soaps appeared to be 
approximately ten times as effective as the free fatty acids, but the doses 
emploj^ed did not give sufficientty comparable results to permit a strict 
comparison. 

Emerj^ and Edwards. (5) found the irritant action of sodium soaps on the 
human skin decreased in the follovang order: m 3 U’istate, oleate, ricinoleate, 
palmitate. Thus the sphincter-inhibiting action of soaps probabty does 
not depend on its irritating action. Oleic acid and ricinoleic acid have the 
same number of carbon atoms and both are unsaturated compounds, but 
oleic acid is a much more effective depressant of the sphincter region than 
is ricinoleic acid. Our results afford no confirmation of the report of 
Roberts (6) that the delay in evacuation is related to the degree of un- 
saturation of the fat employed. 

Glycerol and mineral oil. The administration of 10 cc. quantities of 0.5 
to 2.5 per cent glycerol solution (18 expts.) produced variable effects on 
the sphincter region. Ail the effects were slight and favored the conclu- 
sion that such quantities of glycerol were without specific effect. Similar 
quantities of 3 to 5 per cent glycerol produced nausea and vomiting. 

Heav 3 ’^ mineral oil (7 expts.) was used undiluted in 10 cc. quantities. 
No alteration in the motility of the sphincter region resulted, thus indi- 
cating that the inhibitory actions of fats were not dependent on the 
physical properties of oils. This was in accord with the observation of 
Edelman (3) that vaseline in the intestine failed to inhibit gastric 
evacuation. 
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Discussion. The inhibition of the pyloric sphincter region following 
the intracluodcnal administration of soajis or fatty acids is qualitatively 
similar to that produced by natural fats. The action progressively dimin- 
ishes from tlie antrum to the distal duodenum. The retardation of gastric 
evacuation produced by the entrance into the duodenum of fats or their 
digestion products apparently results^ from a decreased antral peristalsis 
and occurs in spite of a relaxed sphincter. 

In pi’oducing inhibition of the sphincter region, the fattj^ acids were 1 to 
2.5 times as effective as the natural fats. The soaps varied greatly from 
sodium butyrate which was less effective than cream to sodium oleate and 
sodium myristate which were approximately 30 times more effective. 

Our exjieriments bear on the question whether fats per sc inhibit the 
sphincter region or only become active after digestion, but they do not 
supply a positive answer. Only a few of the digestion jiroducts of fats 
used in our experiments were more effective than the natural fats, the others 
were either less active or equal in activity to the fats. INIoreover, the latent 
period of 75 to 100 seconds was the same with either fats, fatty acids or 
soaps. If only fat split products were active, neutral fat could only 
become effective after it had undergone digestion and a significant concen- 
tration of the products had come in contact with the mucosa and initiated 
the influence on the sphincter region. We might assume that under favor- 
able conditions this series of events could occur within the latent period 
noted for fats. However, the latent period was within these limits even 
under conditions which should retard the px’ocess: a, when 30 cc. of cream 
was employed, the enzjune and digestion products were markedlj' diluted 
and mechanically kept awa}’^ from the mucosa, or b, when the pancreatic 
juice and bile were sucked out of the proximal duodenum and blocked by a 
balloon from entering the distal portion of the duodenum into wliich the 
cream was introduced. Thus our observations favor the conclusion that 
natural fats initiate the sphincter region inhibition and the action is con- 
tinued by the fatty acids and soaps formed during digestion, but the 
glycerine is inactive. 


SUMIM.-VRY 

Studies made vdth the tandem balloon method demonstrated that the 
introduction of fatty acids or soaps into the proximal intestine of fasting 
dogs inhibited the motility of the pyloric antrum, sphincter and duodenal 
bulb in a manner qualitatively similar to that produced by natural fats. 
UsualW the order of decreasing acthdty was soaps, fattj" acids, natural 
fats. However, the evidence indicated that if natural fats were adminis- 
tered, they initiated the inhibition and the digestion products continued 
the influence. • 
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Reduction in measured blood volume after various constricting drugs 
has been reported b}' various observers, including Freeman (1) after 
adrenalin, Griffith, Comroe and Zinn (2) after ergotamine tartrate, and 
Griffith, Corbit, Rutherford and Lindauer (3) after pressor doses of pitres- 
sin. In the latter stud,y in a series of 10 rats blood volume, as measured 
by the dye method of Griffith and Campbell (4), was found to be so greatly 
reduced that the results were scarcelj' credible. 

If the peripheral capillaries of the rat’s foot are observed in such an 
experimentally treated animal it is seen that, as a rule, blood cells remain 
in the capillaries but the flow stops. As this observation could applj' onlj" 
to a limited number of vessels of a peculiar type, the skin capillaries, it was 
decided to extend it to larger vessels using intravenously injected thoro- 
trast and x-ra 3 ^ Aloreover, we planned to follow blood volume changes 
by other methods, — ^bj’’ hematocrit, hemoglobin and plasma protein 
determinations. 

Method. A. Observations of the general vascular tree of the rat by x-ray. 
Large albino rats were used, usuallj”^ weighing 300 grams or more. Under 
nembutal anesthesia one of the larger veins was exposed, usualh’’ one of 
the femoral veins. A small hj- podermic needle was inserted and an amount 
of blood was ^dthdravui which was intended to equal the amount of 
thorotrast which was to be given, usualty 3 cc. It was not alwaj'S possible 
to Avithdraw quite this much blood. However, in preliminaiy experiments 
when blood was not vdthdra-wn it appeared that there was little difference 
in the vascular shadows, although the animal in general was not in as good 
condition. Immediately after the injection of thorotrast, fluoroscopic 
observ'^ation was begun and, at intervals, roentgenograms were made. 

Two procedures were followed: 1. The thorotrast-pitressin procedure. 
The thorotrast was given first and fluoroscopic observations begun. Then 

1 Atwater Kent Fellow in Medicine. 
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5 pressor units of pitressin were given intraperitoneally and the fluoroscopic 
observation continued for 30 minutes. Five animals were used. 

2. The piiTessin-ihoroiTdst procedure. The same dose of pitressin was- 
given, followed in 30 minutes b 3 '- the thorotrast. Then fluoroscopic 
observation was continued for 20 to 30 minutes. Several animals died 
shortl}'- after the intravenous injection of thorotrast, but five survived and 
appeared to be in satisfactory condition. 

B. In 5 normal albino rats hemoglobin, hematocrit, and plasma protein 
measurements were made immediately before and 30 minutes after the 
intraperitoneal injection of 5 pressor units of pitressin. The technique 
for these measurements in rats has been previouslj’^ reported (5,6). Dilu- 
tion or concentration of blood volume is expressed in terms of per cent 
of the original measurement. The results obtained were compared vfith 
those previously reported (3) in which blood volume was measured several 
days before and again 30 minutes after giving the pitressin. At the time 
of each measurement vital red was injected into the jugular vein and its 
concentration measured in heart blood obtained 4| minutes later. 

Results. A. Tliorotrast-pitrcssin procedure. The artery and corre- 
sponding vein show as a single vascular shadow. The general vascular 
bed was well outlined by the thorotrast, including vessels to the extremi- 
ties. After the injection of pitressin there was an abrupt decrease in the 
size and increase in the rate of the heart, occurring vfithin a few seconds, 
•with little other appreciable effect. 

Pitressin-thorotrasi procedure. The heart was somewhat small when first 
observed. The central vessels of the bod 3 q including those of the thorax, 
abdomen and kidnejq were shown as well as or even better than in the 
pre'vious procedure, but the vessels to the limbs were seen faintly if at all. 
Ten minutes or more after the injection of thorotrast the vessels of the limbs 
showed more distinctly but not to the extent seen in animals in the thoro- 
trast-pitressin procedure. 

B. Figure 1 shows the result of estimating change in blood volume by 
various methods. The change in hematocrit reading 30 minutes after 
pitressin indicated a change in blood volume ranging from an 11 per cent 
concentration to a 42 per cent dilution, but averaging a 14 per cent dilution 
or increase in blood volume. The change in hemoglobin indicated an 
average change in blood volume of onb’’ 2 per cent dilution, but the range 
was from 11 per cent concentration to 28 per cent dilution. Based upon 
change in plasma protein the blood volume appeared to have increased by 
1 per cent, but the range was from 33 per cent concentration to 21 per cent 
dilution. It should be noted that in all instances the blood for the second 
sample was secured from the heart, as after pitressin blood cannot be 
obtained by cutting a tail vein. The preliminary sample was obtained in 
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2 instances from the heart and in 3 from a tail vein. In normal animals 
samples obtained lij’' either route are essentiallj'- identical. 

These figures must be compared with those previously obtained (3) using 
vital red. Tliis, method indicated an average reduction of blood volume 
by 38 per cent, ranging from 1 0 to 60 per cent. 

Discussion. It is known that blood cells nia}’’ remain for considerable 
periods vithin the minute vessels of the spleen, livei’, and bone marrow 
without entering into the general circulation. How'cver, the\’’ may enter 
into the general circulation, cither gradually or suddenly, when physio- 
logic need arises. Some plasma must also be retained with the cells, but 
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Fig. 1. Percentile change in blood volume after pitressin estimated in ten rats 
(• ) by repetition of vital red blood volume determination and in five other rats, each 
designated by a particular symbol, by each of three methods, change of hemoglobin, 
of hematocrit, and of plasma protein concentration. 


it is uncertain w^hether the amount is as gi’eat as though the cells w-ere 
actuallj’^ circulating. Blood retained in such vascular reservoirs w^ould 
not be included in measurements of blood volume made bj" a dj’^e method. 
If, for any reason, more of the circulating blood was withdrawal into such 
reservoirs, provided both cells and plasma were wathdrawm proportionately, 
blood volume as measured by a dj'-e method w^ould be greatly decreased 
but the blood volume as estimated from hematocrit, hemoglobin or plasma 
protein measurements w^ould be unchanged. It is conceivable that, under 
conditions of intense vasoconstriction, circulation to certain parts or 
organs ma}*^ be arrested to the extent that they, too, serve as reservoirs for 
non-circulating blood. Even if the blood in such parts or organs does 
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circulate, but veiy sluggishly, the mixing time for dye used in blood 
volume measurements maj’’ be so greatly increased over the normal that, 
if the interval for the normal be used, all figures obtained will be too Ioav. 

To recapitulate, under conditions of vasoconstriction, fluid may be lost 
from the blood, resulting in some degree of hemoconcentration and loAvered 
blood volume. Such a lowering of blood volume could be demonstrated 
by serial determinations of hemoglobin, hematocrit values, plasma protein, 
or b}'^ a dj’-e method for measuring blood volume. On the other hand, if 
vasoconstriction results in trapping of blood in areas without active circu- 
lation, changes in blood volume will be estimated as slight if based on 
hemoglobin, hematocrit, or plasma protein measurements, but great if 
based upon a dye method, since tliis measures circulating blood volume 
rather than total blood volume. This latter phenomenon appears to have 
occurred in the experiments here recoi'ded. 

SUMiAIARY 

After a strong vasoconstricting agent, pitressin, blood volume measured 
by a dye method is greatly reduced. We suggest that a considerable 
amount of blood may be trapped in areas of the peripheral circulation so 
that active^ circulating blood volume may be much less than total blood 
volume. The blood still circulating shows relatively slight changes in 
hematocrit red cell volume or in plasma protein concentration. The 
presence of blood vessels in the extremities containing blood but without 
active circulation is shovm by the folloAving: 1. By microscopy, the skin 
capillaries contain red cells, but there is no Aoav. 2. Thorotrast intro- 
duced into the general circulation before giving the pitressin remains in 
and outlines the vessels of the extremities. 3. Blood cannot be secured 
by cutting a tail vein. 4. Thorotrast introduced into the general circula- 
tion after the injection of pitressin either does not enter into and outline 
the vessels of the extremities or does so tardily and to a lesser extent, 
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